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Deep Mixing Method (DMM) is widely used for in-situ soil treatment which involves 
mixing stabilizers (usually cement) with weak clayey soil.  The uniformity of the 
strength distribution of DM columns depends on the degree of mixing in the DM 
installation process.  However, due to the lack of research on the mixing process, the 
highly variable strength of the DMM improved soil, which indicates poor mixing 
quality, remains a problem in construction.  Larsson (2003) theoretically analyzed the 
mechanism of the mixing process and studied the uniformity of binder distribution for 
dry DMM by field tests.  Lee et al. (2006; 2008) and Lee (2006) studied the feasibility 
of using centrifuge to model the wet DM process and initiated the parametric studies on 
various factors affecting the uniformity of the mixing.   
 
In this study, a new centrifuge model, which can be used to simulate the in-flight deep 
mixing process of both single and multi-shaft, was developed.  Moreover, a 
post-processing procedure for faster sample measuring was proposed.  Based on a 
series of centrifuge model tests for DMM, a detailed parametric study on the various 
factors affecting deep mixing quality has been carried out.  The factors include: 
blade rotation number, over-consolidation ratio, blade angle, binder density, mixing 
rotational speed, radial distance, soil depth and multi-shaft mixing.  Besides these 
factors, the autocorrelation structure in radial distance within the DM column has also 
been examined.  Some conclusions have been drawn about the different significance 
 -xvi- 
levels, in which those factors influence the mixing quality.   
 
Based on the considerable amount of test samples and relevant statistical analysis, the 
binder concentration variation was examined and proved to be well-fitted by a 
truncated normal distribution.  The phase relationships within the DM column were 
theoretically established.  Based on the empirical relationship of unconfined 
compressive strength (UCS), soil cement ratio and water cement ratio proposed by Lee 
et al. (2005) and the phase relationships, a statistical model for the UCS prediction of 
DM columns had been derived from the distribution of binder concentration.  This 
proposed statistical model will allow engineers and research a first-cut estimation of 
the mean, COV and the PDF of the UCS of the DM columns, during design and 
construction of DM, even before field trials are undertaken.   
 
Field core strength sample data from Marina Bay Financial Centre project was 
compared and analyzed with the prediction of the statistical model.  The comparison 
results shows that the statistical model reasonably fits the histograms of the field UCS 
with a rational selection of the model coefficients, m and n, which comes from Lee et 
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As cities become more urbanized, construction projects areas are increasingly 
implemented in marginal areas underlain by soft soils.  In such conditions, ground 
improvement often plays an important role in the projects.  Mitchell (1981) 
described a variety of ground improvement technologies under six categories which 
have been widely acknowledged at present.  Admixture stabilization is a ground 
improvement technique which involves mixing chemical additives and soil mass to 
improve the consistency, strength, deformation characteristics, and permeability of the 
subsoil.  The improvement becomes possible by the ion exchange at the surface of 
clay minerals, bonding of soil particles and/or filling of void spaces by chemical 
reaction products (Terashi and Juran 2000).     
 
1.2 Deep Mixing Method 
Deep Mixing Method refers to an admixture stabilization method which involves 
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mixing stabilizers, usually cement, with weak soil to form treated soil columns.  It is 
often used to create composite ground to support structural load and enhance stability 
of earth retaining walls in deep excavation and/or land reclamation projects.  
According to Bruce et al. (1998), Porbaha (1998) and Porbaha et al. (1999), CDIT 
(2002), Terashi (2003), Han et al. (2002) and Al-Tabbaa (2003), the stabilizing agents 
utilized, in the form of slurry or powder, are quicklime, slaked lime, cement and some 
other chemical admixtures, or a combination of these agents.   
 
According to Porbaha (1998), deep mixing is also known by a number of different 
names, as shown in Table 1.1.  In this thesis, the term “Deep Mixing Method” with the 
abbreviation DMM is adopted, and DM stands for “Deep Mixing”.  DMM originated 
in Japan and Sweden in the late 1960s (Axelsson and Larsson 2003; Bruce et al. 1998; 
Rathmayer 1997; Terashi 2003; Terashi and Juran 2000), wherein lime was first used as 
the chemical admixture.  The use of DMM has increased especially in Japan, 
Scandinavia and the United States, as well as Southeast Asia, and to some extent in 
other countries (Al-Tabbaa 2003; Bruce and Bruce 1999; Chen et al. 2011; Han 2002; 
Okumura 1997; Porbaha 2006; Rathmayer 1997; Topolnicki 2004).  Table 1.2 from 
Terashi and Juran’s (2000) summarizes the development of DMM.   
 
DMM has become increasingly popular due to its low vibration, low noise construction 
process and high cost-efficiency.  It has been used all around the world to improve 
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slope stability and bearing capacities of weak ground, reduce deformation of 
foundations and embankments and act as temporary ground improvement measures 
during deep excavations.  Figure 1.2 and Figure 1.3 show the typical equipment for 
DMM in the field in Singapore.  The typical mixing tool for wet DMM is exhibited 
in Figure 1.4.   
 
With respect to mechanical deep mixing, DMM can be categorized into dry DMM and 
wet DMM according to the strengthening agent applied (Porbaha et al. 2001; Terashi 
and Juran 2000).  The former uses dry powder to mix with soil while the latter uses 
binders in slurry form.  The wet method is now also usually called CDM (Terashi and 
Juran 2000).  This study only deals with wet DMM.   
 
1.3 Mixing process of DMM 
Uhl & Gray (1966) defined that "The term mixing is applied to operations which tend 
to reduce non-uniformities or gradients in composition, properties, or temperature of 
material in bulk."  "The objective of mixing is homogenization, manifesting itself in a 
reduction of concentration or temperature gradients, or of both simultaneously, within 
the agitated system ... Rapid mixing necessitates motion of the ingredients."  
(Stirbaeek and Tausk 1965).  According to Larsson (2003), the aim of the mixing 
process in deep mixing is to transport and distribute the binder in such a way as to 
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produce uniform columns with the required function properties.   
 
The mixing process significantly influences the mixing quality, i.e. the uniformity of 
the DM columns, which is of great importance to the probability of failure as well as 
the factor of safety.  Moreover, so far, reliability-based design has not yet well 
established, the fact of which attributes to the inadequacy of methods to reasonably 
evaluate and predict the variability of the column strength and its probabilistic 
distribution thus the mechanical behaviour of the improved soil.  According to 
Larsson (2003), the nature of the variability is also important in connection with 
production quality assessment with reference to strength and deformation properties, 
since it has an influence on the requisite test and sample sizes.  However, study on 
the mechanism of mixing process is still inadequate, especially those factors 
influencing the mixing uniformity, which may help enhance the performance and 
economy for DMM applying in various construction projects.   
 
Moreover, Larsson (2003) and CDIT (Coastal Development Institute of Technology) 
(2002) noted that the in-situ mixing and curing conditions are quite different from the 
standard laboratory tests.  In this case, it is usual that the in-situ column has a 
relatively large scatter in strength even if the execution is done with a well-established 
mixing machine and with best care.  CDIT (Coastal Development Institute of 
Technology) (2002) reported that, in Japan, a standardized laboratory test procedure 
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and an empirical relationship was proposed to incorporating the strength deviation 
between laboratory testing and in-situ situation.  These methods proposed by 
Japanese Geotechnical Society and adopted widely in practice indicate a lack of direct 




The objectives of this study are as follows:  
1. To establish a centrifuge model system to simulate the mixing process for the wet 
DMM.  It includes 
a. a Single-Shaft DM System,  
b. a Multi-Shaft DM System,  
c. a series of DM installers,  
d. a sampling and post-processing procedure;   
2. To perform a series of centrifuge model tests to investigate various factors 
influencing the mixing uniformity.   
a. To design and perform centrifuge model tests to examine the effect of blade 
rotation number, OCR of the soil bed, blade angle of the DM installer, binder 
density, mixing rotational speed, soil depth, radial distance and the 
multi-shaft effect as well;  
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b. To design a standard and fast procedure of post-processing for a large 
number of samples;  
c. To investigate various factors influencing the mixing uniformity by 
parametric study based on a large amount of samples.   
3. To statistically analyze the binder distributions based on the measurement of a 
large number of samples.   
(a) to determine the binder distributions within the column periphery and  
(b) develop a statistical model to enable strength prediction for practical design 
and construction of DMM.  
4. To compare the established statistical model with field data,  
(a) to verify the correctness and rationality of the model and 
(b) investigate any discrepancy between the prediction of the developed 
statistical model and field data.  
 
1.4.2. Significance of this study 
So far, the common means to study the mixing process and the quality of the 
soil-binder admixture of DMM is field test.  However, field test for DMM is always 
quite costly and time consuming, so it is often unrealistic to conduct many field tests.  
Besides field test, small scaled model test is an alternative way.  Nevertheless, the 
results of 1-g model test cannot reproduce the scaling relationships between the 
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physical model and the field situation in a consistent manner.  Specifically speaking, 
the correct scaling of the overburden stress level of the soil bed, which is very 
important in physical model study, cannot be simulated in 1-g model test.  Therefore, 
the centrifuge model test, which can offer a much less expensive solution than the 
field and more correct stress level than 1-g model test, may become an ideal option 
for DMM study.   
 
Lee (2006) pioneered the study on the feasibility of using centrifuge model to 
simulate the mixing process and relevant scaling relations.  In this study, the work 
initiated by Lee (2006) continues.  A new centrifuge model was fabricated and more 
intensive model studies were implemented to study various factors influencing the 
mixing uniformity.  This series of centrifuge model tests could contribute to the 
knowledge of the mixing process and the relationships between various factors and 
the mixing quality of DM columns.  Therefore, this centrifuge model study of DMM 
may bridge the significant gap between the laboratory testing and the practical design 
and in-situ construction, especially to incorporate the influence of the difference of 
strength distribution of the improved soil mass.  Moreover, the results of the model 
tests could be used as a set of fundamental data for derivation of a reasonable and 
practical binder and strength distribution in the DM columns, and the discussion of 
the strength prediction method for DM columns might help lead to an economical 




According to the objectives of this study, this thesis is divided into seven chapters and 
the main structure of this study is illustrated in Figure 1.5.   
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Table 1.1  Terminology of the DM family (After Porbaha 1998) 
Abbreviation  Term 
DCM Deep chemical mixing (deep cement mixing) 
CDM Cement deep mixing 
DMM Deep mixing method 
CMC Clay mixing consolidation method 
CCP Chemical churning pile 
DCCM Deep cement continuous method 
DJM Dry jet mixing 
DLM Deep lime mixing 
SWING Spreadable WING method 
RM Rectangular mixing method 
JACSMAN Jet and churning system management 
DeMIC Deep mixing improvement by cement stabilizer 
- Mixed-in-place piles 
- In-situ soil mixing 
- Lime-cement columns 
- Soil-cement columns 
SMW Soil mix wall 
DSM Deep soil mixing 
 
Table 1.2  Development of deep mixing method (From Terashi and Juran 2000) 
Category Name/hardening agent Application 
Dry Method DLM/granular quick lime 
DJM/powdered cement 
Lime Columns/powdered lime, lime-cement
’74-‘78 
’80 to present 
middle of 70’s to present 
Wet Method CDM/cement slurry or 
CMC/cement mortar, slurry 
’75 to present 
’74 to present 
Jet Grouting Cement slurry with the aid of high water and 
air pressure 
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(b)          (c) 
Figure 1.2  Equipment for DMM 
 
  
(a)          (b) 
Chapter 1 Introduction 
-13- 
  
(c)          (d) 
Figure 1.3  DMM in Singapore 
 
 
(a)         (b) 
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This chapter reviews previous studies on DMM, with emphasis on the physical 
modelling aspect, including field tests, 1-g and centrifuge models.  Special attention 
is also paid to the quality assessment, statistical methods for DM columns and the 
empirical strength functions of the mixing products.  Knowledge gaps which 
motivate this study are also highlighted.   
 
2.2. Field tests for DMM 
There were a series of researchers who performed studies on site or measured and 
analysed the in-situ samples.   
 
Kamata and Akutsu (1976), Kawasaki et al. (1978), (Japan Cement Association 1994) 
studied the change of water content and density due to in-situ quicklime treated soil as 
well as that treated by cement as shown in Figure 2.1, Figure 2.2 and Figure 2.3.   
Chapter 2 Literature Review 
-16- 
 
Niina et al. (1977) and Hirade et al. (1995), Sugiyama et al. (1980), Terashi and 
Kitazume (Terashi and Kitazume 1992) investigated the mechanical properties from 
in-situ samples.  Niina et al. (1977) and Hirade et al. (1995) obtained Poisson ratios 
from in-situ cement treated soils and compared them with unconfined compressive 
strength as plotted in Figure 2.4, in which the specimens diameters were 5cm and 100 
cm, respectively.  Sugiyama et al. (1980) studied the stress-strain curve of in-situ 
treated soil sample, in which Tokyo Port clay was stabilized by Portland cement, as 
shown in Figure 2.5, while Terashi and Kitazume (Terashi and Kitazume 1992) 
examined the long term strength of several kinds of Japanese clay, as shown in Figure 
2.6.   
 
Noto et al. (1983), Public Works Research Center (1999) studied difference of 
unconfined compressive strength between DMM on land and marine construction, as 
shown in Figure 2.7 (a) and (b).   
 
Wasa et al. (1991) carried out a field test to confirm the possibility of low-strength 
Deep Mixing Method for the shield tunnel excavation in the improved soft seabed.  
The results showed that low-strength stabilization with an average value of 1.0~1.5 
MN/m2 unconfined compressive strength was possible and detailed properties of 
improved soil for the design work were obtained based on the comparison of both the 
laboratory treated soil and the in-situ treated soil.   
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Yoshida (1996) made five pairs of DM columns in the field and performed core 
sampling according to the arrangement shown in Figure 2.8.  Unconfined 
compressive strength and shear strength of samples from the improved soils were 
measured.  The results indicated that the shear strength of improved soils is 0.233 
times as large as their unconfined compressive strength.  Moreover, the shear 
strength along lap-joint-face was approximately two thirds as large as shear strength 
of the improved soils.  However, there was no adhesion strength when improved 
soils were lapped after an interval of 6 days.   
 
Al-Tabbaa et al. (1998; 1999; 1998) performed a pilot study by both laboratory test 
and site trial to apply DMM to treat contaminated soil.  Their work demonstrated the 
importance of the initial laboratory treatability study in identifying suitable soil-grout 
mixes and suggesting modifications to the in situ application process.  The two 
prototype DM mixing augers and readily installed test columns are shown in Figure 
2.9.   
 
Shen (1998) studied the interaction mechanism between deep mixing column and 
surrounding clay during installation and also the influencing effect of the interaction 
on the performance of DM column improved soft ground by both laboratory and field 
investigation (DM columns installed in clay ground at two construction sites).  
Moreover, the stability behaviour of DM improved soft ground under embankment 
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loading was studied and the effectiveness of floating type DM columns in improving 
the soft ground was verified.   
 
Horpibulsuk et al. (2004) dealt with a field investigation of the effect of various 
parameters in in-situ mixing: installation rate, which considers penetration and 
withdrawal during mixing; speed of rotation of mixing wing; and cement content and 
water/cement ration in the slurry used.  The double mixing machine is shown in 
Figure 2.10(a).   
 
Van Impe and Flores (2006) discussed the laboratory and in situ behaviour of an 
artificially cemented dredged material.  A modified DMM, which makes use of 
pressurized cement slurry through mixing nozzles, was implemented.  The field 
mixing tool and mixing product are shown in Figure 2.11.  Test results demonstrated 
that the modified DMM applied in the field resulted in a faster hydration and 
hardening for the improved soil and then a higher strength.   
 
Larsson (2003) implemented several field tests in Sweden and Germany to study the 
mixing process of dry DMM, which utilized lime-cement as dry binder in the test 
columns.  His research work involved in multi-discipline conceptions including 
geotechnical engineering, process industry and statistics.  In the field tests Larsson 
(2003) performed, a large number of samples were taken from the test lime-cement 
columns for binder content measurement in order to study the binder dispersion.  
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Statistical analysis of variances for the samples was adopted.  Therefore, the mixing 
process was investigated and a methodology for the study of influential factors was 
developed.  Finally the concept of sufficient mixture quality was discussed as well.  
Details of Larsson’s (2003) work are reviewed in Section 2.4 and 2.6.   
 
There were much more literatures which set light on field tests for DMM (Mizuno et 
al. 1988b; Muro et al. 1987a; Muro et al. 1987b; Rogbeck et al. 2000).  Due to 
limitations of availability in different languages, they could not be traced directly.   
 
2.3. Physical modelling 
Several model tests under both 1-g and centrifuge environment are conducted 
(Al-Tabbaa and Evans 1999; Babasaki and Suzuki 1998; Dong et al. 1996; Hashizume 
et al. 1998; Inagaki et al. 2002; Kimura and Matsuura 2002; Kitazume et al. 1996a; 
Kitazume et al. 2003; Kitazume et al. 2000; Kosche 2004; Lee 2006; Lee et al. 2010; 
Lee et al. 2006; Miyake et al. 1991; Terashi and Tanaka 1981; Terashi and Tanaka 
1983; Terashi et al. 1983; White 2008).   
 
2.3.1. 1­g modelling 
Dong et al. (1996) performed two kinds of model tests.  One was a series of passive 
earth pressure 1-g model tests on quasi-composite ground of column group by DMM 
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subjected to lateral loads performed to confirm its effectiveness of horizontal shear 
resistance.  The other was laboratory construction tests to investigate the effects of 
several factors, the shape of mixing blade, revolution speed and velocity of 
penetration-withdraw of shaft, etc., on the degree of mixing and unconfined 
compressive strength of the improved column constructed by different mixing 
conditions.  The model system and mixing blades are shown in Figure 2.12.   
 
Kitazume et al. (1996b) prepared model and field loading tests for large excavation in 
a construction project of a tunnel which underpasses the Shinano River in Niigata 
prefecture Japan.  DMM columns served as self-supported earth retaining wall of the 
excavation.  In the 1-g model test, the failure mechanism and the effect of the 
reinforcement on the wall stability were investigated.  Model setup and typical 
model failure pattern are shown in Figure 2.13.   
 
Matsuo et al. (1996) used 1-g model mixing machine, as shown in Figure 2.14, to 
study DMM with low compressive strength (qu=490~980kpa) of the improved soil so 
as to facilitate excavation after treatment.  The test results concluded that this 
method is feasible and effective.   
 
Besides field investigation, Shen (1998) also carried out a small-scaled model to study 
the DM installation and the behaviour of the clay surrounding the DM columns.  
Clay fracturing around a DM column was observed in the 1-g model test and analyzed 
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based on data from field investigation.  The model column making device and model 
system are shown in Figure 2.15.   
 
Al-Tabbaa et al. (1999) studied a laboratory-scale modelling of an in situ soil-mixing 
treatment of a contaminated site, for which a laboratory treatability study and a 
full-scale pilot in situ treatment had been carried out.  The prototype and modelled 
DM installers are shown in Figure 2.16.  A correlation between full-scale soil mixing, 
laboratory-scale mixing and the laboratory treatability study was proposed in terms of 
physical and chemical properties, viz. unconfined compressive strength, leachability, 
leachate pH, durability, permeability, compressibility and micro-structural analysis.   
 
Model DM columns were created by Horpibulsuk et al. (2004) to study the effects of 
penetration rate under high clay water content.  They used a similar model DM 
system based on Shen’s (1998) design as shown in Figure 2.10(b).   
 
Kosche (2004) installed small-scale lime-cement columns (φ50mm) in 
laboratory-prepared kaolin clay (as shown in Figure 2.17 and Figure 2.18).  Seven 
column types were prepared, using different mixing and placement methods, binder 
mixtures and amounts of peptizer (lignosulphonate).  Samples were taken for 
geotechnical tests.  Chemical tests by AAS (Atomic Absorption Spectrophotometer) 
were performed in order to determine the content of some cations (sodium, partly 
potassium and calcium).  The results from the geotechnical tests showed the effect of 
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migration of calcium ions and superseded sodium and potassium ions on the transition 
zone and the boundary layer.  This work shed light on the interaction between between 
the transition zone and the surrounding soft soil.   
 
2.3.2. Centrifuge modelling 
Miyake et al. (1991) studied the deformation and strength characteristics of the 
ground improved by a group of cement-treated soil columns subjected to embankment 
and lateral loadings by using centrifuge model tests (see Figure 2.19a and b) and finite 
element analysis (see Figure 2.19c).  According to Miyake et al. (1991), remoulded 
Kobe Clay, which is an alluvial marine clay, was used in the study.  The model 
ground was self-weight consolidated under 80-g centrifugal acceleration until 85% 
degree of consolidation was achieved.  The model was then placed on 1-g lab floor 
where a series of cylindrical holes were made by using thin wall samplers with certain 
diameter at the predetermined locations within the model ground.  Next, vinyl 
chloride bars with the same diameter were inserted into the cylindrical holes.  This 
“treated ground” was then subjected to high-g centrifuge consolidation until 85% 
degree of consolidation was achieved before embankment test and lateral loading test 
was conducted.  The study concluded that, the improvement area should be extended 
to the toe of an embankment to prevent partial failure nearby the toe. It also concluded 
that a larger vertical load is effective to resist lateral displacement.   
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Kitazume (1991), Kitazume et al. (1996a), Kitazume et al. (2000), Kitazume and 
Maruyama (2006; 2007a; 2007b; 2007c) studied the bearing capacity and failure 
modes of DM improved ground subjected to caisson and embankment loading under 
centrifuge acceleration.  Before the centrifuge tests, the soil-cement slurry was 
mixed and poured into acrylic pipes with 20 mm diameter and subjected to vibration.  
The soil-cement mixture was then allowed to cure for 7 days before the model DM 
columns were trimmed to a length of 20 cm.  The trimmed DM columns were then 
kept for another 8 days at room temperature under wet condition to ensure that 
unconfined compressive strength of about 500kN/m2 was obtained.  Figure 2.20 
shows the centrifugal model test conducted by Kitazume (1991) on the stability of 
revetment during sea reclamation behind the caisson.  According to Kitazume et al. 
(1996a), this unconfined compressive strength almost corresponds to the average 
strength in construction of embankment on DM improved ground.  Upon completion 
of the curing stage, the soil-cement columns were fixed in position inside the 
container.  The space between the DM columns was then infilled using kaolin clay 
slurry.  The final model ground was subjected to high-g environment before 
subjected to various combinations of vertical and horizontal loads.  Figure 2.21 
shows the typical modes of failure observed in centrifuge test.  As can be seen, the 
mixing of binder and soil in 1-g environment allows a DM column with certain value 
of unconfined compressive strength to be made.  On the other hand, the field 
unconfined compressive strength of DM improved ground is dependent on a number 
of factors as discussed earlier.  Kitazume and Maruyama (2006; 2007a; 2007b; 
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2007c) carried out a series of centrifuge model tests to investigate the internal and 
external stability of DM improved ground under embankment loading.  The 
possibility of rupture breaking failure was evaluated by slip circle analysis, assuming 
that the DM columns fail in shear mode.   
 
Hashizume et al. (1998) studied the behaviour of DM columns under low improvement 
ratio (about 10%).  The improvement ratio is defined as the ratio between the total 
cross sectional area of the columns and the improved area.  Centrifuge tests were 
carried out to investigate the effect of the location and the length of the DM columns on 
the performance of the treated ground under embankment loading.  The model 
columns were constructed from the slurry mixture of NSF clay (wl==66.8%, wp=26,4%, 
Ip=40.3), silica sand, high early strength cement and water.  The slurry mixture was 
then poured into a mould and cured for 28 days.  Toyoura sand was used to create the 
embankment loading.  The model ground was prepared from clay slurry and 
pre-consolidated under 1-g load and followed by self-weight consolidation under 56-g 
for 16 hours.  Upon completion of self-weight consolidation, the DM columns were 
installed into model ground under 1-g conditions.  The final model ground was then 
allowed to equilibrate under high-g before testing was performed.  Figure 2.24 shows 
the deformation of the DM treated ground subjected to embankment loading.   
 
Inagaki et al. (2002) studied the behaviour of the DM column under road embankment.  
The model columns were constructed from slurry-cement mixture containing cement 
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content of 6.0% in dry weight.  The model columns were cured for 7 days before 
insertion into the predrilled holes on the model ground.  The model ground was 
prepared by consolidating kaolin slurry under 98 kN/m2 of surcharge loading before the 
model columns were inserted into the predrilled holes.   
 
In the above DM studies, the DM columns were prepared and installed under 1-g 
conditions. Furthermore, most of the centrifuge tests were conducted to examine the 
strength characteristics and deformation of the DM treated ground, as a whole.  
 
Lee (2006) and Lee et al.(2008) studied the feasibility of using centrifuge to model the 
deep mixing process and examined various factors affecting the uniformity of the 
mixing.  Scaling relationships were firstly derived.  The model setup is shown in 
Figure 2.26.  Results obtained in these analyses formed the basis for the subsequent 
development of centrifuge model equipment and the test procedures.  Besides the 
series of centrifuge tests, Lee (2006) also performed 1-g tests, for comparison.  The 
results of centrifuge modelling also showed that quality of mixing can be enhanced by 
lowering the viscosity of the binder, by increasing the work done in mixing, and by 
minimizing the density differences between soil and the binder.   
 




Although the applications of DMM may vary from project to project, a key requirement 
is almost always to ensure a uniform distribution of binder throughout the treated soil 
volume, with uniform water content, and without significant pockets of native soil or 
binder (Topolnicki 2004).  Moreover, much of the design methodology for DMM is 
still based on experience (Silvester 1999).   
 
Previous in-situ and experimental studies have shown that the concentration of binder 
and spot strength of the DM columns is highly variable (Babasaki et al. 1997; CDIT 
(Coastal Development Institute of Technology) 2002; Honjo 1982; Larsson 2003; 
Larsson et al. 2005b; Lee et al. 2006; Lee et al. 2008; Porbaha 2000; Porbaha 2002).  
The variation of the uniformity is often measured and represented by coefficient of 
variation (COV), which is the ratio of the standard deviation to the mean.  According 
to Lumb (1966), Matsuo and Asaoka(1977), the COV of the undrained shear strength 
of natural marine cohesive soils fall within a range of 0.15-0.35.  Honjo (1982) 
reported that the COV of the strength of the stabilized ground is roughly 0.3 due to the 
non-uniformity in concentration of hardening agent, the range being 0.21-0.36 for 
cohesive soil and 0.32-0.40 for sandy soils.  Mori (1997) investigated and found that 
the COV for unconfined compressive strength of DM-improved soil in a thermal power 
station reconstruction project was 0.3.  Babasaki (1997) noted that the COV for 
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unconfined compressive strength in a DM-improved soil for open cut excavation was 
between 0.22 and 0.27.  Hosomi et al.(1996) studied on 350 samples and concluded 
that the COV for unconfined compressive strength of DM treated soil for a port 
construction project in Tianjin, China, was 0.33.  On the other hand, Unami and Shima 
(1996) reported that the COV was between 0.41 and 0.57 for unconfined compressive 
strength of low strength type DM columns in a shield tunnel project.  Yoshizawa et al. 
(1997) reported that the COV of unconfined compressive strength increased from 
approximate 0.25 to 0.40 as the water-cement ratio in the slurry increases from 1.0 to 
2.0 (see Figure 2.27).  Taki (2003) observed results of sample tests from two project in 
US and Japan, respectively, and suggested conservative values of COV of 0.40~0.45 
for cohesive soils and 0.3~0.35 for cohesionless soils.  Larsson (2003) summarized 
previous studies on the COV of compressive strength of DMM columns as shown in 
Figure 2.28.  Larsson et al. (2005a) conducted field tests on 4 DM columns and 
reported that the COV of the binder ion (calcium oxide) concentration varies from 0.12 
to 0.78 according to different sample sizes (see Figure 2.29) and different locations 
(see Figure 2.30).  Lee (2006), based on a number of centrifuge tests, reported that the 
COV of the binder ion concentration, due to several factors, can vary from less than 
0.20 to larger than 0.50.  This underlines the large variation in performance 
characteristics among different DM operations.  Chen et al. (2011) reported in two 
case histories of DMM, that the COV of unconfined compressive strength of field 
samples lies between 0.23 and 0.46.   
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Larsson (2001) noted that, “The connection between binder distribution and strength 
properties is not fully understood and is an important subject for further research.”  
Heuristically, however, one would expect the binder distribution to be related to the 
strength distribution since the strength is derived largely from the binder.  Because of 
the significant variation in the binder concentration thus the strength of the improved 
soil and the need to guarantee a safe design, the design field strength of the stabilized 
soil is generally several times less than the strength obtained in laboratory by mixing 
the same relative amounts of soil and cement (Nishida et al. 1996).  This is often 
needed to ensure that a sufficiently high percentage of the cores have strength which 
exceeds the design value (Topolnicki 2004).  According to Larsson (2001), Topolnicki 
(2004), Larsson et al. (2005a; 2005b; 2005c) and Lee et al. (2006; 2008), for a given set 
of curing conditions, the ability of the treated ground to achieve the design strength 
depends mainly on the degree of the uniformity of the mixing.  Since the high strength 
reduction factor could be attributed to non-uniformity in mixing, considerable savings 
may be gained by improving the uniformity of the field DM process.   
 
In order to specify a criterion for the construction requirement, which can also be easily 
controlled and altered during the method execution, CDIT (2002) proposed an index, 
known as the “blade rotation number”, T.  It is defined as the total number of mixing 
blades passing during 1 metre of single shaft movement through the soil and expressed 
as follows, considering:  
① complete injection during penetration and outlet located below the blades:  







æ ö÷ç ÷= å ´ +ç ÷ç ÷çè ø        (2-1) 






æ ö÷ç ÷= å ´ç ÷ç ÷çè ø           (2-2) 
③ partial injection during penetration and main injection during withdrawal, with the 
lower outlet active only during penetration and the upper outlet active during 
withdrawal:  





æ ö÷ç ÷= å ´ ´ +ç ÷ç ÷çè ø        (2-3) 
where T = blade rotation number (rev/min); ∑M = total number of mixing blades, 
RP = rotational speed of the mixing tool during penetration (rev/min); VP = 
penetration velocity (m/min); RW = rotational speed of the mixing tool during 
withdrawal (rev/min); VW = withdrawal velocity (m/min); WP = amount of 
binder injection during penetration (kg/m3); W = total amount of injected 
binder (kg/cm3).   
 
Based on field data obtained in loose sand and clays, a blade rotation number of 360 has 
been recommended for the wet method to ensure reasonably low value of COV (CDIT 
(Coastal Development Institute of Technology) 2002).   
 
Lee (2006) and Lee et al. (2006; 2008) studied on the relationship of COV with both the 
blade rotation number T and the slurry density ρ in the series of centrifuge tests as 
shown in Figure 2.31 – 2.26. As Figure 2.31 indicates, the COV goes down as T 
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increases.  Furthermore, even for a blade rotation number of 360, the COV ranges 
from 0.2 to 0.4 which is still quite significant.  Thus, CDIT’s recommended value of 
360 is therefore likely to be based on a compromise of process time (and therefore 
economic) considerations and desired uniformity.  In Figure 2.31, Mizuno et al.’s 
(1988a) results were superimposed for comparison with those of Lee’s (2006).  
Strictly speaking, the results could not be compared qualitatively since the former COV 
refers to strength while the latter refers to binder ion concentration.  Nonetheless, the 
fact that both sets of the results lie on a similar band and show a similar trend reinforces 
confidence in the centrifuge model test results.   
 
As Figure 2.32 and Figure 2.33 show, COV is also significantly affected by the slurry 
density, and it decreases as slurry density increases from 1.3g/cm3 to 1.7g/cm3.  Lee et 
al. (2006) compared the COV variation versus binder densities with Yoshizawa et al.’s 
(1997) results.  In Figure 2.33, the COV of unconfined compressive strength 
decreases as the binder density increases in a similar trend as that of the model binder 
concentration.  Since the soil density is also about 1.7g/cm3, this suggests that COV 
decreases as the difference between soil and cement slurry densities decreases.  This is 
not surprising; it is well-recognized in mixing theories that uniformity of mixing 
degrades as density difference between the components increases (Larsson 2003; Lee et 
al. 2006).   
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2.4.2. Influencing factors to deep mixing quality 
According to CDIT (2002), various factors influencing the strength of the deep 
mixing columns, were investigated, including stabilizing agents (cement types), soil 
types and conditions, soil grain size distribution, humic acid content and initial water 
content of the original soil, mixing duration, amount of cement as well as curing 
temperature and curing time.   
 
Test results from CDIT (2002) suggest that the appropriate selection of the type of 
cement may be made if the pozzolanic reaction of the soil is known beforehand and 
the quTc/qu28 (quTc: unconfined compressive strength at arbitrary curing time; qu28: 
unconfined compressive strength at 28 days;) is higher for blast furnace slag cement 
irrespective of soil type.  Niina et al. (1981) noted that the humus content and pH of 
the original soil are the most dominant factors influencing the strength.  Moreover, 
the unconfined compressive strength is dependent upon the sand fraction and the 
highest improvement effect can be achieved at a sand fraction of around 60% 
irrespective of the amount of cement.  Miki et al. (1984) also reported that the 
unconfined compressive strength of the treated soil depends upon the stabilizing agent, 
but decreases considerably with the increase of humic acid content irrespective of the 
type of stabilizing agent.  They also reported that the unconfined compressive 
strength decreases almost linearly with increasing water content.  For mixing 
conditions, the unconfined compressive strength decreases while the strength COV 
increases with the decrease in mixing time.  Moreover, the unconfined compressive 
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strength increase almost linearly with the increasing amount of cement and a 
minimum amount cement content of about 5% is required irrespective of the curing 
period to obtain improvement effect for particular soil.  For organic soils, the 
strength gain is smaller and the minimum cement content is around 50kg/m3.  Saitoh 
et al. (1980) noted that, for Portland and fly ash cement, a higher strength can be 
obtained under a higher curing temperature and this influence of the curing 
temperature is more dominant for short-term strength but it diminishes as the curing 
time becomes longer.   
 
CDIT (2002) also summarized those researchers who studied the influence of some 
in-situ conditions on the quality of treated soils.  Nishibayashi et al. (1985) studied 
the influence of number of mixing shafts on the strength of treated soil, as shown in 
Figure 2.34.  They found that the strength of the treated soil by a single mixing shaft 
is almost same order of those by four mixing shafts at 7 days, but it is much smaller at 
28 days.   
 
The influence of type and shape of mixing blade was studied by Abe et al.(Abe et al. 
1997) and Enami et al. (Enami et al. 1985), as shown in Figure 2.35 and Figure 2.36, 
respectively.  They concluded that the in-situ strength obtained by the open-type 
mixing blade is larger than those by the normal horizontal-type blade and this 
difference is dominant in the Humic soil layer (Figure 2.35).  Figure 2.36 shows the 
effect of the free blade on the strength, in which two types of mixing blade are 
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compared.  In mixing blade configuration (B), there is a free blade close to the 
bottom cutting blade.  The free blade is longer than the other mixing blade and is not 
driven by rotation, which is expected to stay in the soft soil and to prevent “entrained 
rotation phenomenon”.  As shown in Figure 2.36, the strength deviation of the in-situ 
treated soil by the mixing blade (A) is relatively larges than those by the mixing blade 
(B).   
 
Nishibayashi et al. (1985) investigated the influence of rotation speed of the mixng 
shaft, in which two kinds of mixing speed were compared, as shown in Figure 2.37.  
The “blade rotation number” is also different as the rotation speed of the shaft is 
different.  Figure 2.37, strength distribution with the depth, clearly shows that the 
strength of the treated soil with high rotation speed is higher than those with lower 
rotation speed.  This different still remained, even in the relatively long curing time.   
 
Figure 2.38 shows the influence of penetration speed of the mixing shaft on the 
strength of treated soil (Enami et al. 1986) and it was concluded that the average 
unconfined compressive strength decreases rapidly while the strength COV increases 
with increase in penetration speed of the mixing shaft irrespective of the type of soil.   
 
Figure 2.39 shows the relationship between the blade rotation number and strength 
deviation of in-situ treated soil (Mizuno et al. 1988a).  For both sand and clay, the 
COV decreases with increase of the “blade rotation number” and varies between 0.2 
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and 0.3 at the blade rotation number of 360.     
 
Lee (2006) initiated the preliminary parametric study on influencing factors in the 
mixing process to the mixing quality for DMM by centrifuge modelling, including the 
influence of mixing blade angle, binder viscosity, penetration and withdrawal rates, 
buoyancy effects, blade rotation number and re-penetration of the DM installers.  
Relevant literatures has been already reviewed in last section 
 
2.4.3. Quality control and assurance 
CDIT (2002) suggested that, in order to ensure the sufficient quality of the stabilized 
column, quality control for DMM mainly consists of, i) laboratory mixing tests, ii) 
quality control during construction and iii) post construction quality verification 
through check boring and pile head inspection.  The flow chart is shown in Figure 
2.40.   
 
2.5. Mixing process and tools for DMM 
According to CDIT (2002) and Larsson (2003), the mixing quality of DMM is mainly 
dependent on the operation of the mixing process and the application of various 
mixing tools for the installation of the DM columns.  The studies on mixing process 
originated in agriculture and food industry.  Although it is in different industry from 
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geotechnical engineering, the mechanisms are similar and comparable.   
 
As early as in the middle of 20th century, Lacey et al. (1943) and (1954) studied the 
mixing of solid particles.  They concluded that 1) a single index might not be able to 
adequately express the state of a mixture; 2) the state of a mixture can be expressed by 
a line on a suitable graph; and 3) the graph can provide a quantitative as well as 
qualitative method of comparing mixtures and the performance of mixing machines.  
Moreover, Lacey et al. (1954) the concepts involved in analyzing complete and partial 
mixtures were examined and a statistically satisfactory expression evolved for the 
state of a mixture.  A number of theories of mixing rate are examined and compared 
with the few published experimental results, and a new theoretical treatment is offered 
based on diffusion theory.   
 
Rielly and Pandit (1988) studied the mixing of Newtonian liquids with different 
physical properties, which are initially stably stratified.  The liquids were agitated by 
an impeller which generates a turbulent flow.  The effect of the density difference 
and the viscosity ratio were studied.  They concluded that, with no viscosity 
differences and for turbulent flow in the light liquid, the mixing rate depended only on 
the Richard number.   
 
Poux et al. (1991) surveyed the investigations into powder mixing in mixing vessels 
concentrating on practices used in different industries to distinguish this review from 
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that given recently.  In their research work, the essential points to be examined for 
the treatment of solids mixing were reviewed and the definitions of the quality of a 
mixture, the mixing mechanisms, the possibilities for the choice of solid mixer, the 
experimental assessment of homogeneity and mixing indexes and the numerical 
simulation of mixing processes were reported.   
 
Rielly et al. (1994) studied the mixing process.  It was highlighted that, in order to 
assess the degree of uniformity of a mixture, the scale of scrutiny, i.e. the scale at 
which a mixture is examined, should be determined by the intended end use of the 
mixture, which will also dictate the required quality, as shown in Figure 2.41.  
Furthermore, nine mixing indexes for use with particulate system were reviewed and 
one of them was proposed to evaluate the state of mixing, which accommodates scale 
of segregation and the intensity of segregation.  The concepts of scale of segregation 
and the intensity of segregation are illustrated in Figure 2.42.  They also pointed out 
that, when the well-mixed state were possibly reached, sampling of the mixture 
should be undertaken at an appropriate scale of scrutiny at random positions in the 
mixer to ensure adequate representation and some detail of the sampling procedures 
was mentioned as well, such as measuring point concentrations, adding tracers, etc.  
Rielly et al. (1994) noticed that the mixing of multi-phase mixture does not require a 
uniform concentration throughout the mixture but rather that material be “just 
suspended”, or “completely dispersed”, to allow mass transfer between the phases.  
They conclude that it is the agitation conditions, as opposed to the mixing time, that 
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determine mixture quality.   
 
Niranjan et al. (1994) studied the mixers for use in the food processing and 
agricultural industries, as shown in Figure 2.43.  Based on their theory, the mixers 
can be classified into three categories according to the phases to be mixed, i.e. mixers 
for: (1) dispersing and dissolution into liquids, (2) blending of particulate material, 
and (3) mixing of solids and liquids to form doughs, batters and pastes.  Each of 
these categories will be dealt with in turn.  The decision chart for the selection of 
solids mixing equipment is shown in Figure 2.44.  Niranjan et al. (1994) also 
reported that, although both batch and continuous mixing operations exist, batch 
mixing is far more common in the food processing and agricultural industries, in 
which cases involve non-Newtonian mixing and the scale-up procedures for mixing 
them are not well established.  “Even the advice for relatively simple systems is 
conflicting.  There would appear to be much value in gaining an understanding of 
the mechanisms in mixing process so that computational fluid mechanics (CFD) and 
other modelling techniques may be applied to transfer information from one 
application to others.”   
 
Based on the theory of Stirbaeek and Tausk (1965), Larsson (2003) discussed the 
mixing equipment and the concept of sufficient mixing quality.  For liquids mixing in 
general, the mixing of low viscosity liquids is dependent on two factors: a. degree of 
turbulence; b. rate of circulation (Sterbacek and Tausk 1965).  Propellers, turbines and 
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paddles are the common equipment for low-viscosity liquids mixing and also 
sometimes rheologically complex materials.  These three kinds of equipment have 
different advantages with respect to different applications.  The mechanisms of the 
mixing effect for different mixers’ configurations are shown in Figure 2.45, and the 
typical mixers are shown in Figure 2.46, Figure 2.47, Figure 1.4 and Figure 2.48 
(CDIT (Coastal Development Institute of Technology) 2002; King 1992; Sterbacek and 
Tausk 1965; Taki and Bell 1998b; Yoshida 1996).  For the mixing of pastes and plastic 
materials, such as the DM process, the flow patterns are far more complex.  According 
to Larsson (2003), the primary flow pattern is tangential, i.e. the flow follows the 
mixing element as it rotates about it axis.  Centrifugal forces generated by tangential 
flow create a secondary, radial flow.  In a visco-elastic material this secondary flow is 
counteracted by elastic forces.   
 
Guillard et al. (2000) used two-dimensional images of (Plane) Laser Induced 
Fluorescence (PLIF) to quantitatively study the turbulent mixing process the 
macro-mixing of an inert tracer in a mechanically stirred tank.  The mixing process 
at length scales where large fluid elements were deformed and broken up due to the 
fluid motion and some conclusions were drawn.  Yu and Gunasekaran (2005) applied 
numerical simulation to evaluate the mixing performance of four types of different 
model mixers for Newtonian and shear-thinning fluids.  The four types of model 
mixers were with the following blade design: rectangular blade, one Z-blade, two 
Z-blades, and three rotation pins.  Based on finite element analysis, the two-Z-blade 
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Probabilistic and statistical methods have been used in DMM research, mostly for 
analyzing lab or field test data to assess uniformity of DM columns.  Saitoh et al. 
(1996) derived an empirical function for unconfined compressive strength on the 
assumption that the unconfined compressive strength of improved ground conforms to 
normal distribution.  According to Saitoh et al. (1996), the relation between mean 
unconfined compressive strength, fqu  and specified strength, Fc, is subject to the 
following function as illustrated in Figure 2.49.   
 f cqu F Ks= +         (2-4) 
where K is normal deviation; σ is standard deviation ( fVqu qu= ⋅ ); Vqu is the 
coefficient of variation of unconfined compressive strength.   
 
Larsson (2001) studied the binder distribution of the lime-cement columns by dry 
DMM and employed statistical methods to quantify the mixing quality.  Samples were 
extracted from field DM stabilized columns by split-tube sampler was involved.  
These soil samples were then collected for chemical analysis.  The binder content in 
the soil samples was determined using Ion Chromatography (IC) with inductively 
coupled plasma.  This research demonstrated the feasibility of studying the uniformity 
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of binder contents in DM treated ground using statistical analysis.  As pointed out by 
Larsson (2001), the sampling method as shown in Figure 2.30 causes the central parts 
of the column’s cross-section to be overrepresented, while the outer parts are 
underrepresented.  Therefore, the mean and variance were adjusted using the 
corresponding area ratio (actually the weighted coefficient), to take into account the 
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The definition of aij and αi are shown in Figure 2.30.   
 
More recently, Larsson et al. (2005a; 2005b; 2005c) measured the variability of the 
strength of lime-cement column for dry DM by using a hand-operated penetrometer in 
field tests.  Figure 2.50 shows the COV, V, as a function of the water content, liquid 
limit and blade rotation number (Larsson et al. 2005b), and Figure 2.51(a) and (b) 
are examples of evaluated experimental semi-variograms from Larsson et al. (Larsson 
et al. 2005c).  Analyses of variance (ANOVA) were performed in order to 
investigate the influence of various factors in the installation process on the inherent 
variability.  Larsson et al. (2005a; 2005b; 2005c) also briefly discussed the concept 
of sufficient mixing: the link between the mixing process and the mechanical system.  
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The results had been interpreted within the framework of variance reduction based 
on an averaging model for axially loaded columns.  The results from the two field 
tests showed that the radius is the dominant variable in the variability, and different 
types of correlation structure can be obtained in spite of the fact that they had been 
equally installed.  The mechanical mixing work does not significantly influence the 
type of spatial correlation structure.  Furthermore, a simple design consideration 
showed that the variance reduction has a major influence on the determination of the 
partial factor of safety.  The statistical method proposed by Larsson (2001) was also 
utilized by Lee et al. (2006; 2008) in the centrifuge model tests.   
 
According to CDIT (2002), average comprehensive strength and the deviation in 
laboratory specimen and in-situ column are schematically shown in Figure 2.52. In 
Figure 2.52, the in-situ strength to be used in design, quck, is derived from the 
laboratory strength quf by incorporating the strength deviation.  The target strength 
of the laboratory specimen should be determined by incorporating the strength 
difference and the strength deviation.  When using statistical measures for quality 
control, the following relationship between in-field strength and the design standard 
strength must be formulated if the field strength of the improved soil is assumed to 








ü£ - ´ ïïýï= ïþ
        (2-7) 
where quck: design standard strength (kN/m2); K: coefficient; σ: standard deviation of 
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the field strength (kN/m2); fqu : average unconfined compressive strength on in-situ 
stabilized column (kN/m2); lqu : average unconfined compressive strength on 
laboratory treated soil (kN/m2).   
 
Chen et al. (2011) statistically analyzed hundreds of samples of the field strength of 
DM columns from two projects.  The histograms and statistical indexes showed that 
variability of the strength distribution, possible causes and the conservative design 
criteria.  The concluding remarks suggest a potential need for further study on the 
uniformity problem for DMM.   
 
2.6.2. Studies on autocorrelation 
Larsson et al. (2005c) also used the autocorrelation to study the binder variability for 
DM columns.  Autocorrelation refers to correlations of an individual variable with 
itself over space (or time, or some other dimensions).  The degree of spatial 
self-association can be measured by a correlation coefficient, taken as a function of 
separation distance (Baecher and Christian 2003; Phoon 2008; Vanmarcke 1977; 
Vanmarcke 1983).  Matsuo and Asaoka (1977) calculated autocorrelation of 
undrained shear strength of marine cohesive soil layers and found out the correlation 
distance in vertical direction falls within a range of 0.6 and 1.3m, as shown in Figure 
2.53.   
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Autocorrelation structure has been studied in geotechnical engineering in several 
previous literatures.  However, very few study reported the application of this index 
for investigating the binder spatial variability of DMM.  For DM stabilized ground, 
(Honjo 1982) reported that the autocorrelation distance usually varies between 0.4 and 
4m.  With a number of results of the statistical analysis for unconfined compressive 
strength of the stabilized soil specimen, Honjo (1982) tested the fitness of the 
distributions of the unconfined compressive strength on normal probability paper.  
Test results showed that, “in most of the cases fitness are quite good”, as shown in 
Figure 2.54(a), “however, there are a few distributions which have bias and do not fit 
to normal distribution well” like Figure 2.54(b).   
 
Honjo (1982) also examined the characteristics of improved soil by means of 
autocorrelation functions in the vertical direction as shown in Figure 2.55 (a), (b) and 
(c).  The autocorrelation function is calculated using the following equation:  
 ( ) ( ) ( )21 u u u uD




é ù é ù- + D -ë û ë ûD = ò    (2-8) 
where D is the total length of bore hole; Δz is the distance between two points 
considered.  Moreover, an approximate form of ρ(z) can be given by the next 
formula in the case of stationary process.   
 ( ) 1expz z
A
r æ ö÷çD = - ⋅ D ÷ç ÷ç ÷è ø         (2-9) 
The results of three groups for different sites are shown in Figure 2.55.  Group A is 
those fallen within the range of 2.0 to 4.0m, Group B: 1.0 to 2.0m and Group C: 0.4 to 
Chapter 2 Literature Review 
-44- 
1.0m.  Based on this study, Honjo (1982) concluded that the autocorrelation distance 
seems to be strongly influenced by original soil profiles, cement content and 
construction conditions.     
 
2.7. Empirical strength functions of stabilized soil 
There are several factors that influence the strength formation of the agent-stabilized 
soil.  Terashi (1997) categorized the factors influencing the unconfined compressive 
strength of DM soil into four types as shown in Table 2.1. According to Mitchell et al. 
(1972), the unconfined compressive strength of soil-cement admixture increases with 
time accordingly to the relationship:  
 ( )0 0log /D Dq q K D D= +        (2-10) 
in which qD is the unconfined compressive strength at D days, qD0 is the unconfined 
compressive strength at D0 days and K equals to 480Aw for granular soils and 70Aw for 
fine grain soil where Aw is the cement content.   
 
Gallavresi (1992) mentioned that, for a given type of cement mixed with a given type of 
soil, the unconfined compressive strength and the final cement-water ratio, c/w, are 
correlated.  For fine cohesive soil, he proposed an empirical formula to connect the 
unconfined compressive strength with the final cement-water ratio, c/w.   
 ( )0 / / nR R c w=          (2-11) 
in which R is the unconfined compressive strength of cement soil mixture; the value of 
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n range from 1.5 to 3 with the usual value of 2.0 for most inorganic soil and R0 is 
constant determined by experiment according to the cement type, soil properties and 
curing age.   
 
Based on unconfined compressive tests on four types of inland clay with different 
liquid limits, Nagaraj and Miura (1996) proposed a formula similar to Equation (2-10) 
as follows:  
 ( )14/ lnDq q a b D= +         (2-12) 
in which qD is the unconfined compressive strength at D-day and q14 is the unconfined 
compressive strength at 14-day with initial water content quite close to liquid limit of 
soil.  The parameters a and b have values of 0.20 and 0.458 for inland clay.  
Yamadera et al. (1997) also found that a=0.190 and b=0.299 for different types of 
Ariake Clay at their liquid limits.   
 
Saitoh et al. (1996) defined the target unconfined compressive strength Tqu1 of lab 
improved soil using following equations:  
 1
1 1 1
 or a a
T
F qu F qu
qu g l g b l
⋅ ⋅= ⋅ ⋅ ⋅       (2-13) 
where F is safety factor; aqu is allowable compressive stress; γ is coefficient of the 
dispersion of unconfined compressive strength of improved ground; λ is the ratio of 
quf and qu1; β is coefficient of strength on over lapped face of improved ground.  λ is 
the related coefficient for mixing equipment, construction conditions, ground 
conditions, cement type and amount of cement slurry.  The target unconfined 
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compressive strength Tqu1, for lab improved soil in the mix proportion test is given by 
substituting F, aqu, γ (β) and λ given by engineers into Eq. (2-13).   
 
Tan et al. (2002) proposed that the unconfined compressive strength for a given type of 
cement-treated soil, can be normalized by a reference unconfined compressive strength 
of the same clay treated by certain cement content, Aw, water cement ratio, w and curing 
time, t. The symbol, qu(Aw·w·t), denotes the unconfined compressive strength and the 
formula is shown as follows:  




q A w t
= ⋅ ⋅    (2-14) 
After applied this approach to three different local clays in Singapore and also two 
Japanese Clays, it has been verified that the normalized strengths of any different clays 
are consistent with each other, i.e. the normalized strength approximately equals to a 
constant.   
 
Horpibulsuk et al. (2003) studied two types of Ariake clay from Japan and one type of 
Bangkok clay from Thailand and suggested that, for marine and inland clays with 
liquidity index between 1.0 and 2.5, the interrelationship between strength, curing time 
and clay-water/cement ratio is expressed by the formula as follows:  
 ( )1, 28
28
( / ) ( / ) ( / )
( / )
1.24 0.038 0.281 lnc D c c D
c
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where 
1,( / )c Dw C
q  is the strength of soil-cement admixture to be estimated at a 
clay-water/cement ratio of (wc/C)1 after curing for D days and 
1,28( / )cw C
q  is that at a 
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clay-water/cement ratio (wc/C) after curing for 28 days.   
 
Lorenzo and Bergado (2004) analyzed the results of unconfined compressive tests on 
cement-admixed clay at high water cement ratio.  They incorporated the post-curing 
unit weight, post-curing water content and post-curing specific gravity in an empirical 
formula as a function of unconfined compressive strength.   
 
( / )ot wB e A
u a
q Ap e=          (2-16) 
in which A and B are dimensionless constants; and pa is the atmospheric pressure.  Aw 
is the cement content (in percent).  Based on the results presented, for soft Bangkok 
clay mixed with Type I Portland cement, A=10.33 and B=−0.046. The post-curing void 
ratio 
o t










+= -         (2-17) 
where wt is the post-curing water content of treated soil after “t” curing time; Gst is the 
post-curing specific gravity of the treated soil (dimensionless); γt is the after-curing unit 
weight of the treated soil (kN/m3); and γw is the unit weight of water (kN/m3).   
 
Lee et al. (2005) examined physical properties of marine clay-cement mixes with high 
cement content.  Lee et al. (2005) extended the study by Gallavresi (1992) and 
Kaushinger et al. (1992) and suggested a new empirical formula to include the effect of 
soil-cement ratio as follows,  
 
( / )






=           (2-18) 
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in which q0, m and n are experimentally fitted values.  They also proposed that, for the 
cement treated slurry clay, i.e. q0=4000 kN/cm2 for 7-day-curing and 6000 kN/cm2 for 
28-day-curing, while m = 0.62 and n = 3.00.   
 
2.8. Limitations of the previous studies 
Although there have been field tests on DMM, these are often done as a quality 
control measure as part of a construction project. Systematic parametric field tests are 
much scarcer, probably owing to high cost of field tests.  Many of the current studies 
focused on 1-g laboratory tests.  Although numerous centrifuge model studies have 
been conducted on the performance of DM improved ground, all studies involved 
mixing of the binder and soil in 1-g environment (Hashizume et al. 1998; Inagaki et al. 
2002; Kitazume et al. 1996a; Kitazume and Maruyama 2007a; Kitazume and 
Maruyama 2007b; Kitazume et al. 2000; 1991).  This does not allow the mixing 
process to be accurately modelled.  In any case, in all these studies, the quality of 
mixing was not an object of investigation.   
 
Larsson et al. (2001; 2003; 2005a; 2005b; 2005c) had done a lot of work regarding the 
mixing uniformity problem using field testing and statistical analysis.  However, 
since their studies were conducted using dry DM using lime, those field results are 
unlikely to be applicable to wet DM due to the different strengthening agents used.   
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2.8.1. Field testing and physical modelling 
Lee et al. (2006; 2008) and Lee (2006) reported centrifuge modelling of the mixing 
process of DMM as reviewed above.  However, Lee’s (2006; 2008) research only 
covered limited aspects, such as the scaling relations and technical feasibility, as well 
as a few factors influencing the COV of the binder concentration of the DM columns.  
This provides the motivation for the current study to continue and enrich the work of 
physical modelling of DM installation process by Lee (2006).  Specific research 
gaps are summarized as follows.   
 
a. Difference between the DM installers in centrifuge model and the actual ones 
Some basic mixing tools have also been developed by Lee et al. (2006).  However, 
many mixing tools which are used in actual deep mixing operations are even more 
complex.  As Figure 1.2(b) shows, they may consist of several counter-rotating 
mixing shafts.  Others may have different types of mixing blades on the same shaft for 
cutting and mixing purposes or same types of blades with opposite rotation directions.  
Therefore, one area which needs to be studied in centrifuge modelling is to develop 
more complex mixing tools which are more representative of those used in the field.   
 
b. Difference between the operational parameters of the model and prototype 
The centrifuge model designed by Lee et al. (2008) was conducted under 50-g model 
gravity using a model container that is 180mm deep.  The mixing tools have 
diameter of 50mm.  This allows a model DM column of about 9 m depth and 2.5 m 
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diameter to be simulated.  The diameter of the simulated DM column is evidently 
somewhat larger than that of the prototype deep mixing columns.  Moreover, in 
Lee’s (2006) centrifuge tests, the in-flight rotational speed of the DM installer was 
chosen as 770rpm, which is equivalent to a prototype RPM of approximately 15rpm 
under the 50-g centrifugal environment. This is slightly lower than that frequently used 
in construction.  To overcome these limitations of the operational parameters, a lower 
g-level, 30-g and a deeper model container with 300mm deep would need to be made.  
This design allows the diameter of the prototype column to be decreased to a more 
realistic value of 1.5m and also the simulated prototype depth of the DM column 
remains 9 m.  In addition, the hydraulic piston and equipment for raising and 
lowering the mixing tools is also improved to increase its range of travel.  And a 
wider range of the rotational speed would be adopted.   
 
2.8.2. Influencing factors to the mixing uniformity 
For the study of dry DM, Larsson et al. (2001; 2003; 2005a; 2005b; 2005c) studied 
several influencing factors to the mixing quality of the dry DM columns, such as 
mixing work, binder type, binder content, etc.  But as mentioned, dry DMM is 
different from wet DMM we are studying on, so that the findings are not directly 
applicable to wet DM.  Lee (2006; 2008) shed new light on a few factors influencing 
the COV of the binder concentration of the DM columns, i.e. penetration and 
withdrawal rates, different installers, re-penetration, etc.  Nevertheless, there are still 
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a lot of important factors that have not been thoroughly investigated. Finally, Lee et al. 
(2006) did not conduct any study on the type of probability density function.  Their 
results, in terms of binder concentration, are not really useful for engineering practice.  
More work remains to be done in order to develop a statistical model to enable 
prediction of strength for design and construction.   
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Table 2.1  Factors affecting the strength increase (After Terashi 1997) 
I. Characteristic of stabilizing agent 
1. Type of stabilizing agent 
2. Quality 
3. Mixing water and additives 
II. Characteristics and conditions of soil 
(especially important for clays) 
1. Physical chemical and 
mineralogical properties of soil 
2. Organic content 
3. pH of pore water 
4. Water content 
III. Mixing conditions 
1. Degree of mixing 
2. Timing of mixing/re-mixing 
3. Quantity of stabilizing agent 
IV. Curing conditions 
1. Temperature 
2. curing time 
3. Humidity 
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(a)         (b) 
Figure 2.1  Change of (a) water content and (b) density by in-situ quicklime 
treatment (Kamata and Akutsu 1976) 
 
 




Figure 2.3  Change of density by in-situ cement treatment (Japan Cement 
Association 1994) 
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Figure 2.5  Stress-strain of in-situ treated soil (Sugiyama et al. 1980) 
 
 
Figure 2.6  Long-term strength of in-situ treated soils (Terashi and Kitazume 1992) 
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(a)           (b) 
Figure 2.7  Relationship between unconfined compressive strength of laboratory 
treated soil and of in-situ treated soil: (a) land construction (Public Works Research 
Center 1999) (b) marine construction (Noto et al. 1983) 
 
  
(a)        (b) 
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Figure 2.9  Prototype auger and installed test DM columns (Al-Tabbaa et al. 1998) 
 
 
(a)       (b) 




(A)      (B) 
Figure 2.11  (A) Mixing tool employed in the field; (B) Cement stabilized specimen 
mixed in lab and field (Van Impe and Verastegui Flores 2006) 
 









(a)         (b) 
Figure 2.13  (a) Model setup (b) typical failure pattern (Kitazume et al. 1996b) 
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(a)       (b) 
Figure 2.14  (a) Model mixing machine (b) sampling location (Matsuo et al. 1996) 
 
  
(a)        (b) 
 
(c) 
Figure 2.15  Model column making device (a, b) and installed model column (c) 
(Shen and Saga Daigaku. 1998) 




Figure 2.16  Prototype and modelled DM system by Al-Tabbaa et al. (1999) 
 
 
Figure 2.17  Schematic of the installation of model DM columns (Kosche 2004) 
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Figure 2.18  Testing surface of the model DM column after 14 days (Kosche 2004) 
 
  
(a)        (b) 
 
(c) 
Figure 2.19  (a) Model test system for embankment loading (b) for lateral loading (c) 
numerical simulation (Miyake et al. 1991) 
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Figure 2.20  Centrifugal model test results on the stability of revetment during sea 
reclamation behind the caisson (Kitazume 1991) 
 
  
(a)       (b) 
  
(c)       (d) 
Figure 2.21  Typical failure patterns observed in centrifuge tests (Kitazume et al. 
1996a; Kitazume and Maruyama 2007a) 
 





(b)          (c) 
Figure 2.22  (a) Centrifuge model for DM retaining wall, (b) reinforcement ratio of 
0.08%, (c) reinforcement ratio of 0.4% (Babasaki and Suzuki 1998)   
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Figure 2.23  Plan and side view of the in-situ retaining wall tests (Babasaki and 
Suzuki 1998)   
 
  
(a)         (b) 
Figure 2.24  (a) Model ground (b) deformation of the DM treated ground subjected 
to embankment loading (Hashizume et al. 1998) 
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Figure 2.26  Setup of the centrifuge model for DMM (Lee 2006; Lee et al. 2008) 
 
 
Figure 2.27  Variation of Average Strength and COV of Treated Soil with slurry w/c 
(Yoshizawa et al. 1997) 
 
Chapter 2 Literature Review 
-67- 
 
Figure 2.28  Coefficient of variation evaluated from compression tests in a number 
of reported studies (Larsson 2003)  
 
Figure 2.29  Test levels and cross-section of DM column for different sample sizes 
(Larsson 2001)  
 
 
Figure 2.30  Area ratios for various locations (Larsson 2001) 




Figure 2.31  Variation of COV at difference model withdrawal rate (DM installer A: 
single twisted-blades inclined at 45°, DM installer B: twisted-blades inclined at 45° 
arranged in double layers) (Lee 2006) 
 
 
Figure 2.32  Mean concentration and COV for all depth within the DM column for 
high-g and 1-g model tests at different slurry density of 1.3g/cm3, 1.5g/cm3 and 
1.7g.cm3 (Lee 2006)  




Figure 2.33  Coefficient of variation within DM column for 50g centrifuge and 1g 




Figure 2.34  Comparison of strength achieved using 1-shaft and 4-shaft model 
mixers (Nishibayashi et al. 1985) 
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Figure 2.35  Open-type mixing blade (Abe et al. 1997) 
 
 
Figure 2.36  Comparison of quality with and without free blade (Enami et al. 1985) 
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Figure 2.37  Influence of rotation speed of mixing blade (Nishibayashi et al. 1985) 
 
 
Figure 2.38  Influence of penetration speed of mixing shaft (Enami et al. 1986) 
 
 
Figure 2.39  Relationship between the blade rotation number and strength of in-situ 
treated soil (Mizuno et al. 1988a) 
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Figure 2.40  Flow chart for quality control and quality assurance (CDIT (Coastal 
Development Institute of Technology) 2002) 
 
 
Figure 2.41  (a) Non-random and (b) random mixture; (c) a typical correlation 
coefficient for a random mixture (1994) 
 
 
(a)         (b) 
Figure 2.42  (a) Decreases in the length scale (S) and intensity of segregation (l) 
improve the quality of a mixture; (b) the effect of changes in sample size on the length 
scale (S) and intensity of segregation (l) on the quality of a mixture (1994) 
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Figure 2.43  Recommended viscosity ranges for some common types of impeller 
(Niranjan et al. 1994) 
 
 
Figure 2.44  Decision chart for the selection of solids mixing equipment (Niranjan et 
al. 1994) 
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Figure 2.45  Tangential, radial and axial flow (Sterbacek and Tausk 1965) 
 
 
Figure 2.46  Radial propeller mixer (Sterbacek and Tausk 1965) 
 
 
Figure 2.47  Typical propellers, turbines and paddles (King 1992) 
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Figure 2.48  Mixing blades of DM machines for on-land work (CDIT (Coastal 
Development Institute of Technology) 2002) 
 
 
Figure 2.49  Relation between fqu  and Fc (Saitoh et al. 1996) 
 
 
Figure 2.50  Coefficient of variation, V, as a function of quotient between water 
content and liquid limit multiplied by logarithm of blade rotation number, w/wl × 
log(T) (Larsson et al. 2005b) 
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Figure 2.52  Strength distribution for laboratory testing and in-situ DM columns 
(CDIT (Coastal Development Institute of Technology) 2002) 
 
 
Figure 2.53  Autocorrelation of undrained shear strength in vertical direction 
(Matsuo and Asaoka 1977) 
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Figure 2.55  Calculation of auto-correlation function of the in-situ stabilized ground 
for different sites (Honjo 1982) 
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In this chapter, the development of the centrifuge model and the relevant test 
procedures are discussed in details.  The centrifuge model consists of the model 
container, DM installers, hydraulic motor, model binder as well as both model single 
and multi-shaft DM systems.  The test preparation, test implementation and 
post-processing procedures, are described.  Development of this system can also be 




In Lee et al.’s (2006) model tests, the model container was a cuboid strong box with 
height of less than 400mm and the maximum stroke length of the hydraulic cylinder for 
penetration of 210mm, the maximum depth of the model DM columns was limited to 
180mm.  In this study, the model container was designed as a stainless steel cylindrical 
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tub 500mm high, with a diameter of 550mm.  This is to allow maximum target model 
DM column depth of 300mm.  Under 30-g model gravity, this is equivalent to a 
prototype DM column with diameter of 1.5m and length of 9.0m.  The design of the 
model container is shown in Figure 3.1.  An enlarged ledge on the top of the tub 
supports a loading frame for mounting of the DM systems.  The locations of the model 
DM columns were predetermined and in each centrifuge test, the container could 
accommodate a maximum number of 6 DM columns.   
 
3.2.2. Model DM installers 
Lee et al. (2006) modified Ng et al.’s (1998) in-flight sand compaction pile installer 
and developed the DM installer as shown in Figure 3.2.  Lee (2006) and Lee et al. 
(2008) also developed a series of DM installers with different configurations in order to 
study their influence to the mixing uniformity.  In this study, some designs of the DM 
installers by Lee (2006) and Lee et al. (2008) were utilized with minor modifications 
and some more complex installers were developed or designed (see Figure 3.3 to Figure 
3.6).  As shown in these figures, they are marked as DM Installer A (a single 
twisted-blade; the one with blade angle of 90º is named as A1; that of 45º named as A2; 
design drawings are shown in Figure 3.3 a and b), B (two twisted-blades arranged in a 
double-layered, cruciform fashion; the one with blade angle of 90º is named as B1; that 
of 45º named as B2; design drawings are shown in Figure 3.4 a and b) and C (three 
pairs of double-layered twisted-blades, arranged in stacked cruciform fashion; design 
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drawings are shown in Figure 3.5), respectively.  Photographs of the model mixing 
tools are shown in Figure 3.6.  The rotation of the mixing tools was actuated by a 
Sauer-Danfoss SKM1NN/2.6 miniature hydraulic motor.   
 
3.2.3. Model binder 
Lee et al. (2006) concluded that centrifuge modelling would automatically led to a 
consistent scaling of all the relevant forces, except for the viscous forces, which would 
be over-scaled in the model if cement slurry was used as the model binder liquid.  
According to Lee et al. (2006), proper scaling of the Reynolds number in mixing 
processes typically require that the viscosity of the model binder to be less than that of 
water, while maintaining the same density, which is difficult to achieve.  One possible 
way of mitigating this problem is to replace cement slurry with a liquid tracer which has 
the same density but a lower viscosity, so that over-scaling of the viscous shear stresses 
can be mitigated.  An example of such a liquid tracer is zinc chloride solution, the 
density of which can be adjusted to be approximately equal to that of cement slurry.  
The viscosity of zinc chloride increases with its density, and the over-scaling in model 
viscous shear stress can be reduced using lower viscosity zinc chloride as model binder, 
albeit not completely eliminated.  Therefore, zinc chloride was adopted as the model 
binder in the centrifuge tests.  Considering the value range of the density of cement 
slurry in real construction work, the density of model binder, zinc chloride solution, of 
1.5g/cm3 and 1.7g/cm3, which was equivalent to the cement slurry with the same 
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densities, respectively, was chosen in the centrifuge tests.  A small amount of blue dye 
was mixed into the zinc chloride solution to enable visualization of the spread of the 
model binder.   
 
3.2.4. Design of single­shaft DM system 
A single-shaft DM model deep mixer was developed to simulate the process of wet 
deep mixing.  As shown in Figure 3.9, a miniature hydraulic motor was used to rotate 
the mixing tool.  A binder feeder was fastened near the “crown”, that is the upper part 
of the DM installer, with a tube connected to the on-board binder storage tank.  In 
order to monitor the in-flight rotational speed of the installer, a photoelectric sensor was 
attached to the side of the rotating shaft to output the rotational speed to the tachometer 
in the control room.  The hollow shaft of the DM installer acted as a channel for the 
model binder to flow into the soil through the grouting nozzles at the bottom.   
 
3.2.5. Design of multi­shaft deep mixer 
In practice, multi-shaft DM machines are usually used in ground treatment, as the 
Figure 1.2b, c and Figure 1.4b shown (Kamimura et al. 2007; Wasa et al. 1991; 
Yoshida 1996).  Hence, besides the single-shaft, a multi-shaft deep mixer was also 
designed and fabricated to study the multi-shaft effect of deep mixing.  As shown in 
Figure 3.10 and Figure 3.11, a miniature hydraulic motor was also used to drive the 
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multi-shaft mixer.  Due to the limitation of the vertical space on the centrifuge 
platform, the double-shaft could not be directly connected to the miniature hydraulic 
motor.  Instead, the shafts were driven by the motor through a system of timing belts, 
and gears.  One of the shafts was driven by the timing belt. This in turn transmitted the 
rotation to the other shaft by a pair gears.  In order to stabilize the rotating of the two 
shafts, the upper parts of both the shafts are fixed by rolling bearings with a frame that 
supports the miniature hydraulic motor and the rotational shafts.  The other parts for 
each of the two shafts, such as the binder feeders, hollow mixing shafts, grouting 
nozzles and mixing tools, were all similar to those for the single-shaft machine.   
 
3.3. Scaling relations 
The scaling relations for the centrifuge model test are selected and tabulated in Table 
3.1 based on Lee (2006).   
 
The scaling law of flow rate or grouting pressure is not included.  This is due to the 
assumption in this study, the mixing process in DMM is mainly governed by the 
mechanical mixing but not the grouting pressure, which is totally different from jet 
grouting method, and the grouting pressure from the DM nozzles in the centrifuge 
tests was neglected thus not directly monitored.  However, the calibration tests 
shows that the equivalent binder slurry per cubic meter treated soil mass ranged from 
228.60 to 380.20kg, while the typical cement content in real construction is 100 to 
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200kg, corresponding to cement slurry of 200 to 400kg with water cement ratio of 1.0.  
The back analysis validates the rationale of the centrifuge model simulation of the 




The soil used in this study was kaolin (see Figure 3.12), the physical properties of 
which are presented in Table 3.2.  All centrifuge model tests were consolidated by 
surcharge preloading and then self-weight consolidation under centrifuge gravity to the 
required stress level.   
 
In order to reduce the friction between the clay and the wall surface during 
consolidation, the inside wall of the container was coated with silicone grease.  A 
20mm sand layer was placed over the container base to facilitate drainage during 
consolidation and a piece of polypropylene geotextile filter was then set on top of the 
sand layer to prevent the intrusion of the clay.  The container was partially filled with 
de-aired water.  Kaolin powder and water were mixed in a vacuum mixer as shown in 
Figure 3.13.  De-aired clay slurry with water content of 1.5 times the liquid limit was 
then placed into the container under water so as to minimize the possibility of trapping 
air voids in the clay.  The slurry was then allowed to consolidate first under surcharge 
on the clay surface, which was gradually increased in stages to required level for 1-g 
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consolidation and preparation before centrifuge consolidation, with each stage being 
maintained till the clay had achieved sufficient strength.  The model clay bed inside 
the container was then subjected to self-weight consolidation in the centrifugal 
environment until the PPT reading became stable.   
 
3.4.2. Assembly of the DM model system 
The design drawings of the whole DM model system with relevant dimensions are 
shown in Figure 3.14.  As can be seen in Figure 3.15 and Figure 3.16, the deep mixing 
system was mounted on a loading frame which overhung the model container.  A 
hydraulic piston on the frame actuates the penetration and withdrawal of the DM 
installer, the vertical movement being monitored by an LVDT.  The storage tank for 
the model binder, a hydraulic power pack for driving the miniature motor and a 
strain-meter for the T-bar penetrometer are all mounted on the centrifuge arm.   
 
3.4.3. Determination of the binder density 
In these tests, the water content of the kaolin clay, w, was about 0.6, this being also the 
water content used by Lee et al. (2006).  By consideration of phase relationships, it can 










-= -          (3-1) 
in which 
c
G  is the specific gravity of cement powder, the usual value is 3.05; r  is 
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the density of the equivalent cement slurry that is represented by the zinc chloride 
solution, and 
w
r  is the water density.   
 
From Eq. (3-1), the density of cement slurry can be calculated from the water cement 








rr += +         (3-2) 
 
Therefore, considering the convenience for the model binder preparation and relevant 
practical binder density, the binder with densities of 1.7g/cm3 and 1.5g/cm3 were 
adopted, corresponding to the practical water cement ratio of about 0.6 and 1.0, 
respectively.  This is also the range of binder densities used by Lee et al. (2006).   
 
3.4.4. Control and monitoring of the soil properties 
The soil strength was measured in-flight using a T-bar penetrometer (1991; 1994).  
The soil water content and density were also measured after in-flight consolidation 
and before DM installation, using procedures in BS 1377 (1990).  The water content 
was around 60% and soil density was around 1.60g/cm3.  Moreover, the Typical 
T-bar profiles for several model tests are shown in Figure 3.17.   
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3.5. Deep mixing process 
During the model tests, the DM installer was jacked into the model clay at a constant 
penetration rate, with the mixing shaft rotating to break up and remould the clay mass.  
A Pepperl & Fuchs ML5-6/30/115 photoelectric sensor was used to monitor the 
rotational speed of the mixing tool, Figure 3.18.  Upon reaching the required depth, 
the direction of rotation was reversed and the zinc chloride solution in the secondary 
storage tank was introduced into the clay through the bottom of the casing at different 
prescribed rates in different tests.  This procedure is similar to the withdrawal injection 
method (Porbaha et al. 2001; Topolnicki 2004).  In practical DM installation, the 
binder can be introduced during either the penetration or withdrawal phase, or both 
(Porbaha et al. 2001).  However, Porbaha et al. (2001) noted that the withdrawal 
injection method is likely to create fewer problems as soil has already been broken up 
during the penetration phase.  The rotational speed of the DM installers in the model 
tests ranged from 360rpm to 750rpm; this corresponds to a prototype rotational speed 
from 12rpm to 25rpm, which lies within the range frequently used in prototype DM 




After in-flight installation, the centrifuge was spun down and sampling was 
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immediately carried out.  At each of the 5 levels, samples of soil-binder admixture 
were collected by using a miniature scoops at various locations within and beyond the 
diameter of the DM column and separately stored in sealed sample bottles as shown in 
Figure 3.22 and Figure 3.23.  The size of spot sample from the model DM column is 
about 5mm.  The spot samples were weighed and the binder concentrations measured.   
 
Sampling was conducted at 5 levels of each column, i.e. 50mm, 100mm, 150mm, 
200mm and 250mm.  The sample locations for sampling at each level were shown in 
Figure 3.24.  At the centre of the column, only one sample was collected, while at 
other radial distances, i.e. 5mm, 10mm, 15mm, 20mm, 25mm, five locations at three 
directions were sampled.  In total, 80 samples are collected for each column.  The 




Based on Lee (2006)’s method, the baseline of the tracer ion, chloride, in model 
kaolin clay was also examined before the centrifuge tests.  The concentration of the 
baseline ion was subtracted from the measurements.  Actually, the mean baseline of 
chloride was proved to be less than 0.5% by total weight of kaolin clay, which is 
similar to the results from Lee (2006) and obviously insignificant.  The possible 
chemical reaction between Zinc Chloride and kaolin, reported by Table 4 of Carroll 
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and Starkey (1971) takes effect in about 10 days to achieve a noticeable level, which is 
much longer than the sampling process after our centrifuge tests.  The sampling is 
usually done within one or two hours.  Moreover, the reaction between Zinc Chloride 
and kaolin will not affect the concentration of chloride ion.  Therefore, the reaction 
would take little influence to the mixing product.   
 
Chloride in the model binder was measured using a EUTECH pH/Ion meter 
(CyberScan pH2100), which can read the concentration of chloride in ppm (part per 
million).  The sampling-measuring tubes and the EUTECH pH/Ion meter are shown 
in Figure 3.25 and Figure 3.26, respectively.  The sampling and chemical analysis 
were conducted according to the procedure proposed by Lee et al. (2006; 2008) and Lee 
(2006).   
 
According to Lee (2006), the results of the analysis were reported in ppm, and this 
value was then converted to the ratio of the weight of tracer ion to the weight of soil 






⋅= ⋅          (3-3) 
where C is the concentration of tracer ion in % by weight; co  concentration of tracer 
ions in de-ionized water in g/l; Vw the volume of the de-ionized water used in dilution in 
litre; ws the weight of soil samples in gram.   
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(2) Calibration of the measurements 
The major advantage of EUTECH pH/Ion meter (CyberScan pH2100) mentioned 
above (Figure 3.26) is its quick measuring speed and portable size, but the accuracy 
had been proven not as good as the Ion Chromatograph (IC) (Figure 3.27), which was 
used by Lee (2006).  However, the major drawback of the IC measuring is that, for 
each sample, it cost at least 18 minutes to have the reading recorded.  In this case, IC 
is not practical for this study since for each model test, hundreds of samples would be 
obtained.   
 
Therefore, EUTECH pH/Ion meter (CyberScan pH2100) was applied for sample 
measurement in the Geotechnical Centrifuge Laboratory in NUS and DIONEX Ion 
Chromatograph (IC) in the Lab of Environmental Science and Engineering (ESE) of 
NUS was used for calibration.  In another word, there were 10% of samples that 
were selected from each large sample group to be measured using IC in the meantime 
to compare with those measurements by the Ion Meter so as to validate the accuracy.  
And regularly, the EUTECH pH/Ion meter (CyberScan pH2100) was self-calibrated 
for each 8-hour consecutive use.  Examples of the plots for Ion Meter calibration and 
measurement comparisons are shown in Figure 3.28 and Figure 3.29.   
 
3.7. Summary of this chapter 
In this chapter, the development of the centrifuge model system for DMM, including 
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both the single-shaft and multi-shaft system, has been introduced.  Detail of test 
preparation, implementation and post-processing are illustrated.  The procedures of 
the whole test are summarized in the flowchart in Figure 3.30.   
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Table 3.2  Physical properties of Kaolin Clay (After Ong 2004) 
Properties Value 
Specific Gravity (Gs) 2.65 
Liquid Limit (WL) 80% 
Plastic Limit (Wp) 40% 
Compression Index (Cc) 0.64 
Swelling Index (Cs) 0.13 
Coefficient of Permeability at 100kPa on Normally 
Consolidated Condition (k) 
1.36x10-8 m/s 
Effective Internal Friction Angle (φ) 25° 
Lamda (λ) 0.27 
Kappa (κ) 0.06 
Ratio of Undrained Shear Strength, cu to the 
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Table 3.3  Operating parameters in some reported deep cement mixing projects (From Lee 2006) 
Author Year Site Diameter of 
Blade [m]








W/C Ratio Type of Cement Coefficient of 
Variation 
Yoshida (1996) N/A 1 -22 22 or 45 0.5 1 1 Retardation type cement N/A 




1.5 -6 ~ -18 20 or 40 0.5 1 0.8 Cement N/A 




1 Approximately -6 
(Field trial)
30 0.5 1 1.0 and 1.2 Cement 0.363-0.383 
Unami and Shima. 
(1996)\ 
Ukishima, Japan 1 Approximately -30 40 (Penetration) 
50 (Withdrawal)
0.3-1.0 1 1 Cement slurry & additive 
agent
0.41-0.57 
Matsuo et al.  
(1996) 
N/A N/A -16.5 25 (Penetration) 
50 (Withdrawal)
0.5 1 1 Cement N/A 




N/A T.P. -9.0 ~ -39.0 35 (Penetration) 
50-55 (Withdrawal)
2 1.5 - Ordinary Portland cement 0.331 
Saga A N/A G.L. -1.0 ~ -8.0 25 (Penetration) 
50-60 (Withdrawal) 
1 1 - Portland blast- furnace 
slag cement 
0.485 
Hiroshima N/A D.L. -9.0 ~ -22.0 20-30 (Penetration) 
40-60 (Withdrawal) 
1 1 - Ordinary Portland cement 0.353 
Osaka N/A D.L. -12.0 ~ -17.0 20-30 (Penetration) 
20-60 (Withdrawal) 
1 0.5 - Portland blast- furnace 
slag cement 
0.277 
N/A D.L. -17.0 ~ -29.0 20-30 (Penetration) 
20-40 (Withdrawal) 
1 0.5 - Portland blast- furnace 
slag cement 
0.381 
Saga B (Test 
construction) 
N/A D.L. -4.0 ~ -19.0 20-30 (Penetration) 
40-60 (Withdrawal) 
1 1 - Portland blast- furnace 
slag cement 
0.296 
Saga B N/A D.L. -4.0 ~ ~21.0 20-30 (Penetration) 
40-60 (Withdrawal) 





N/A A.P. -11.0 ~ -31.0 20-30 (Penetration) 
40-50 (Withdrawal) 
2 1 - Ordinary Portland cement 0.292 
Chiba N/A A.P. -9.0 ~ -22.0 20-30 (Penetration) 
40-50 (Withdrawal) 
2 1 - Ordinary Portland cement 0.207 
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Figure 3.1  Orthographic Views and dimensions of the model container 
 
 
Figure 3.2  Schematic of in-flight DM cutting and mixing equipment (From Lee et al. 
2006) 
Notes: 
1. The material is stainless steel.  
2. The thickness of all the 
stainless steel is 5mm.  
3. The supporting frame as 
marked in the drawings is 
made of precasted angle steel.  






Figure 3.3  DM installer A, blade angle of (a) 45° and (b) 90° 
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Figure 3.4  DM installer B, blade angle of (a) 45° and (b) 90° 
 















? 4 injection nozzles
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Figure 3.5  DM installer C 
 
 
Figure 3.6  Some of the model DM installers, from the left to the right, C, B & A 
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Figure 3.8  Performance graph for the miniature hydraulic motor (Sauer-Danfoss 
2009) 
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Figure 3.10  Design drawings for multi-shaft DM model system 
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Figure 3.12  Kaolin powder used in the model tests 
 
Figure 3.13  Clay mixer and de-airing chamber 





Figure 3.14  Design of the whole system 
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Figure 3.15  Assembly of the whole system 
 
 
Figure 3.16  Setup of the model system on the NUS centrifuge platform before test 
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Figure 3.17  Typical T-bar profile for model soil 
 
 
Figure 3.18  Pepperl & Fuchs - ML5-6/30/115 photoelectric sensor and Tachometer 
 
 

















Figure 3.20  Installed DM column 
 
 
Figure 3.21  Sampling 
 
 
Figure 3.22  Sampling bottles 
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Figure 3.25  Measuring tubes for chloride ion 
 
 
Figure 3.26  EUTECH pH/Ion meter (CyberScan pH2100) 
 
 
Figure 3.27  DIONEX Ion Chromatograph 
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Figure 3.28 Calibration of the Ion Meter (example plot) 
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Figure 3.30  Test flowchart 
 
  
Preparation of model binder solution
Zinc Chloride powder
De-ionized water
Solution with different densities
Preparation of model clay bed
Standard kaolin powder




On-board hydraulic power pack
On-board binder container
Model barrel with kaolin clay
Loading frame with DM model machine
Sensor setup
Setup of model DM installer
1-g testing
Implementation of centrifuge tests
Reconsolidation of model clay bed
In-flight installation of DM columns
Sampling in model DM columns
Spin-down the centrifuge platform
Label installed model columns
Excavate to certain depths and sample
Collection and label sample bottles
Chemical analysis of samples
Sample measuring using Ion meter
Calibration measurement using IC
Documentation of all measurements
Documentation and data analysis
Documentation of sample measurements
Statistical analysis
Test preparation













The 45 DM columns, which were successfully formed and studied, are shown in Table 
4.1 and 4.2.  The tests for single-shaft system are labeled as “DMC**” while those 
for multi-shaft are labeled as “MDM**”.  As described in Chapter 3, the test samples 
were measured and chemically analyzed.  For each DM column, the samples were 
collected at 5 levels and for each level, 16 samples were collected with different 
locations as shown in Figure 3.24.  In this chapter, the effect of blade rotation 
number, binder density, OCR of soil bed (test groups shown in Table 4.3), blade angle 
of mixing installer (Table 4.4) and mixing rotational speed (Table 4.6), as well as 
some preliminary study on the effect of multi-shaft mixing are presented and 
discussed.  The raw measurements for spot binder concentration are plotted in 
Appendix-A.   
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4.2. Effect of Blade Rotation Number 
As mentioned in Chapter 2, blade rotation number was defined and proposed by CDIT 
(2002) to serve as an important index of the construction criterion.  Based on field 
data obtained in loose sand and clays, a blade rotation number of 360rev/m has been 
recommended in Japan for the wet method to ensure reasonably low value of COV.  
Lee et al.’s (2006, 2008) results also showed that the COV of the binder concentration 
reaches a stable value when the blade rotation reaches about 400rev/m.   
 
As the sampling layout is shown in Figure 3.24, the effect of axi-symmetry of the DM 
column should be taken into account by using the area ratio as weighted coefficient to 
calculate mean and variance.  The method is similar to the one proposed by Larsson 
et al. (2005).  Mean and variance of the sample measurements are calculated by the 
following equations:  
 





















         (4-1) 
 



















      (4-2) 
in which a  stands for ion concentration, a  is mean while 0a  and ija  are the 
concentration at the centre of the column and that at ith radial direction and jth depth, 
respectively; 2s  is the variance; ia  stands for the area ratio in the corresponding 
position as illustrated in Figure 3.24, i=0, 1, 2, 3, 4, 5.  Therefore, the statistical 
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analysis can be implemented based on these weighted indices.   
 
The relationship of blade rotation number versus mean binder concentrations and 
binder COVs for all single-shaft mixed columns are plotted in Figure 4.1 and Figure 
4.2, respectively.  It can be seen from these two figures, those points for two binder 
densities, 1.5g/cm3 and 1.7 g/cm3, obviously fall on two bands, respectively.  
However, these bands seem in a gentle slope and the correlations between blade 
rotation number and mean binder concentrations and COVs cannot be easily observed， 
especially for the COVs in Figure 4.2.  This phenomenon might be possibly 
attributable to the relatively large value of the blade rotation numbers adopted for 
each model DM column.  It is noticed that all blade rotation numbers are larger than 
360rev/m, the level of which would lead to a “sufficient mixing” as proposed by 
CDIT (2002).   
 
In order to investigate the effect of blade rotation number and validate the results of 
the centrifuge model tests of this study, the mean binder concentrations and binder 
COVs are compared with some data in previous literatures.  Mizuno et al. (1988a) 
studied the correlations between the COV of the unconfined compressive strength of 
the DM columns and the blade rotation number.  Moreover, Lee et al. (2008) 
initiated the study on uniformity problem for wet DMM.  Therefore, the mean binder 
concentrations and binder COVs of each DM columns in current study (from DMC04 
to DMC40) as well as those of Mizuno et al. (1988a) and Lee et al. (2008) are all 
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plotted in Figure 4.3 and Figure 4.4 for comparison.  As shown in Figure 4.3, the 
mean concentrations approximately fall on the same band as the results from Lee et al. 
(2008) and also show similar variation trend, i.e. the mean binder concentration 
increases with the blade rotation number increasing.  On the other hand, for the COV 
plotted in Figure 4.4, the COV points also fall on the same band but at the right-hand 
side as those of Lee et al. (2008) with the binder densities for both 1.5g/cm3 and 1.7 
g/cm3.  However, at higher blade rotation number, the COV of the DM binder 
distribution appears to continue to decrease with an increase in blade rotation number, 
regardless of different operational parameters.  It indicates a similar trend as the 
strength COV reported by Mizuno et al. (1988a) plotted in Figure 4.4 as well.  
However, Mizuno et al. (1988a)’s strength COV cannot be directly compared with the 
binder COV of Lee et al. (2008) as well as that plotted herein, since the latter relates to 
binder concentration rather than strength.  Nevertheless, the fact that results for 
groups of different binder densities lie on a similar band and show a similar trend lends 
confidence to model results.   
 
4.3. Effect of Over­Consolidation Ratio (OCR) 
As Table 4.1 and Table 4.2 shows, the OCR values of the model clays bed are 1.0, 2.0 
and 4.0.  Table 4.3 summarizes the results from six groups of model DM columns 
with different OCR values, all other parameters being equal.  For all six groups, the 
single-shaft system was used with mixing blade angle of 45º.  The binder density 
covers 1.5g/cm3 and 1.7g/cm3 while the rotational speed covers 750rpm, 540rpm and 




The OC clay beds were first consolidated at a higher g-level before equilibrating at 
30g for testing.  For example, with the clay bed with OCR of 2.0 first consolidated 
under 60-g being tested under 30-g.  This gives the clay bed a uniform OCR profile of 
2.0.  Similar test procedure applied to the clay with OCR of 4.0.  Although this may 
not produce the most realistic OCR profile, it has the advantage that the effect of OCR 
can be most readily distinguished.  The OCR profile for the tests with OCR of 4.0 is 
shown in Figure 4.6.  A similar approach has also been used by Hossain et al. (2006) 
in some of their centrifuge model tests for offshore foundations as illustrated in Figure 
4.5 (Test T6 and T14).   
 
Figure 4.7, in which COV of the six groups of 18 model columns were plotted 
together, shows the COV values versus the corresponding OCR of the model clay bed.  
Generally speaking, the COV value decreases with the increase of OCR.  Moreover, 
as can be seen from Figure 4.2 and Figure 4.7, model columns using the binder density 
of 1.7g/cm3 show much smaller COV than those using 1.5g/cm3.  The COV values for 
the former (binder density of 1.7g/cm3) do not show distinguishable variation of the 
COV difference for model tests with both NC clay and OC kaolin (OCR=2.0, 4.0), and 
most COV values lie between 0.15 and 0.20.  However, the latter with NC clay 
generally shows larger COV difference than those with OC kaolin with OCR=2.0, then 
that with OCR=4.0.  Specifically speaking, for binder density of 1.7g/cm3, the COV 
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difference remained around 0.05 for all OCR values, while, for binder density of 
1.5g/cm3, the COV difference at OCR=1.0 is as large as 0.07 and that at OCR=4.0 is 
as small as around 0.01.  Hence, mixing quality is better for soils with higher OCR 
than those with lower OCR.  Moreover, the change in COV is more significant at low 
binder density than at high binder density.  The improvement in mixing quality with 
soil having higher OCR may be attributed to the fact that the mechanical mixing in 
the soil binder admixture may be more stable in stiffer soil than that in softer soil.  
One possible reason is that soil at higher OCR tends to be more brittle under shearing 
and cracks more readily (Schofield 1980).  This allows binder to be more readily 
entrained into the soil matrix.  In comparison, at lower OCR, soil tends to be more 
plastic; this may hinder binder entrainment.  In another word, the less resistant in the 
soft clay to the mixing blade may lead to more uncertainty thus higher variation in 
binder dispersion.  Therefore, it is of great meaning for the geotechnical engineers to 
pay more special attention to those normal consolidated or consolidating soils, e.g. 
Singapore marine clay, than those highly stiff soils.   
 
4.4. Effect of blade angle 
The blade angle is defined as the angle subtended by the leading face of the blade and 
the plane of rotation.  The series of the centrifuge model tests were carried out using 
the DM installers with the blade angles of 45º and 90º, as shown in Figure 3.3 and 
Figure 3.4.  Figure 4.8 and Figure 4.9 show the effect of blade angle on mixing quality.  
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Generally, the 90º-blade show slightly larger COVs than the 45º-blade.  This appears 
to be more marked at lower mixing rotational speed.  At higher speed, no obvious 
improvement in mixing quality appears to be obtained by using a 45°-blade, 
compared those by 90°-blade. This indicates that there is an interactive effect between 
rotational speed and blade angle.   
 
The influence of rotational speed to the effect of blade angle can be further separated 
by plotting the installer rotational speed versus the COV difference between different 
blade angles (COV90-COV45) as shown in Figure 4.10.  The plot clearly shows that 
the COV difference gets smaller as the rotational speed increases from 360rpm to 
750rpm, following an approximately linear trend.  This effect may be attributable to 
centrifugal effects imparted by the mixing blades on the slurry within the periphery of 
the DM column.  A larger blade angle may result in larger rotational velocity to the 
slurry therefore a larger tendency for the binder particle to centrifuge to the periphery of 
the DM column before it is effectively mixed.  Furthermore, at sufficiently high 
rotational speed, a high level of turbulence, which aids mixing, is likely to be generated 
regardless of the blade angle.   
4.5. Effect of binder density 
The effect of binder density has already been noted by Lee et al. (2006), who noted that 
mixing quality can be improved by minimizing differences in density between binder 
and soft clay.  Moreover, as discussed above, the effect of OCR is more significant for 
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binder density of 1.5g/cm3 than that of 1.7g/cm3.  However, the density difference 
seems have little influence to the effect of blade angle.   
 
Figure 4.11 presents the direct relation between binder density and COV.  It can be 
seen that the COV is approximately negatively proportional to the binder density.  
Provided that cement slurry is adopted as the DM binder and the specific gravity of the 
cement powder used in the DM is 3.05, it can be derived that the density of 1.7g/cm3 is 
equivalent to the cement slurry with water cement ratio of 0.63 and the density of 
1.5g/cm3 corresponding to 1.02.  These values of the water-cement ratio lie in the 
practical range for real DM constructions.  The bulk density of the clay bed is about 
1.6g/cm3.  Hence, this finding is in agreement with Lee et al.’s (2006) finding.   
 
4.6. Effect of mixing rotational speed 
According to Larsson et al. (2003), the retrieval rate and the number of mixing blades 
were found to have a significant effect while the effect of rotational speed and the 
diameter of the outlet hole were found to be insignificant.  However, Larsson et al.’s 
(2003) results were obtained for dry mixing of lime powder with soil.  As discussed 
in Section 4.4, the effect of blade angle to the mixing quality is of different 
significance levels with different mixing rotational speeds (see Figure 4.10).  Besides, 
the relationship between the rotational speed (both model and prototype scale) and 
COV are shown in Figure 4.12.  The figure indicates that the binder COV of the DM 
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column generally decreases with the increase of the rotational speed of the DM 
installer.  This is not surprising since a high rotational speed implies a high Froude 
number and a high level of turbulence, which aids mixing.  This is similar to the 
effect of blade rotational number, which, besides rotational speed, involves more 
parameters, including penetration rate and blade number.  Moreover, as can be seen, 
this trend is more obvious for the group with soil OCR of 1.0 than those with higher 
OCR, probably because, as discussed above, soil with OCR of 1.0 are the most 
difficult to mix.  This finding is consistent with the discussion in Section 4.3 on the 
effect of OCR.   
 
The difference Larsson et al.’s (2005b) and the current results may be attributed to the 
differences in the media being mixed.  Larsson et al.’s (2005b) tests involved mixing 
lime powder with soil.  This process is likely to have taken place under much lower 
water content.  In such conditions, soil strength, rather than soil viscosity, may play a 
greater role in the mixing.  In contrast, the current experiments, which simulate 
mixing of cement slurry with clay, involve the mixing of two viscous liquids, and 
viscosity, rather than strength, is likely to be more important.   
 
4.7. Effect of radial distance and soil depth 
Spot concentrations of DM columns in tests DMC04A and DMC05B (750rpm), 
DMC18B and DMC19B (540rpm), and DMC22 and DMC23 (360rpm), are shown in 
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Figure 4.13.  As can be seen, no obvious correlation between binder concentration 
and the radial distance can be discerned. Moreover, the mean and COV values for 
each model column at different radial distances do not indicate any obvious trend 
either.  Considering the large number of the plots, the plots of those preceding IDs of 
model columns are taken as examples and shown in Figure 4.14.  The mean and 
COV values for each model column at different soil depth do not show significant 
correlation either.  Similarly, the same group of the model columns are taken as 
examples as shown in Figure 4.15.   
 
4.8. Effect of multi­shaft deep mixing 
Centrifuge tests of multi-shaft deep mixing were carried out and 6 columns of DM 
model columns had been installed as summarized in Table 4.2.  The multi-shaft 
mixed model columns are labelled as “MDM**”.  Spot binder concentrations for 
each column are shown in the figures in Appendix-A.  Operational parameters for 
comparable model columns installed by single-shaft system are tabulated together 
with those by multi-shaft in Table 4.5.  All the spot concentrations for The mean and 
COV of the binder concentration are plotted versus blade rotation number together 
with those of single-shaft mixed model columns in Figure 4.16 and Figure 4.17.  The 
COV values lie in the same band and show a reasonable consistency with those of 
single-shaft mixed columns.  
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As shown in Table 4.5, there are total 6 pairs of model columns for comparison, which 
are numbered as Pair 1-6.  Bar charts of both COV and mean are plotted in Figure 
4.18 (for binder density of 1.7g/cm3) and Figure 4.19 (for binder density of 1.5g/cm3).  
As mentioned earlier, multi-shaft installed columns have smaller COV values in all 
the 6 pairs and the mean values of multi-shaft installed column are also smaller than 
those of single-shaft ones.  This arises because the flow rate of the binder is 
insufficient to maintain the mean concentration at the same level during simultaneous 
mixing of the two columns.  This can be overcome by further adjustment to the 
binder feeding system.  On the other hand, the smaller COV in multi-shaft mixed 
columns indicates an improvement in the mixing quality.  Hence, the use multi-shaft 
mixer does yield slightly better uniformity than single-shaft mixer, apart from its 
higher productivity arising from its ability to mix multiple-column simultaneously.    
 
4.9. Examination of autocorrelation 
Besides the mean and COV, autocorrelation is also a commonly used and convenient 
measure of the variability of a random field (Fenton and Griffiths 2008).  In order to 
investigate if there is any indirect effect of several factors on the binder variability, the 

























       (4-3) 
in which, h – the spot concentration of the model binder; k – the lag, which refers to the 
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times of the sample size that represents the minimum separation distance herein.  
Based on the layout of the typical sample locations for a DM column, as shown in 
Figure 3.24, hi and hi+k in equation above refer to the sample concentrations that 
locate in the same row with distances of 5mm, 10mm, 15mm, 20mm and 25mm, 
respectively, corresponding to the prototype distances of 0.15m, 0.30m, 0.45m, 0.60m 
and 0.75m, respectively.   
 
Table 4.6 shows the tests, for which autocorrelation is examined.  Since 
homogeneous kaolin clay was adopted to form the model soil bed and the mixing is in 
horizontal direction, this study focuses on the radial autocorrelation structure.  
Therefore, only the radial autocorrelation will be examined in this section.  The 
autocorrelation coefficient versus different separation distances are respectively 
plotted in Figure 4.20, Figure 4.21 and Figure 4.22.  From these plots, no obvious 
autocorrelation can be found based on the variation of the autocorrelation coefficient 
versus different separation distances.  This suggests that the autocorrelation distance 
in the radial direction is less than the smallest distance examined, that is 0.15m 
(prototype equivalent), which was also the radial sampling distance.  According to 
Larsson et al. (2005c), the scale of fluctuation, which is defined as twice the value of 
autocorrelation distance (Fenton and Griffiths, 2008), is most likely (>95%) to be less 
than 0.11m for dry lime powder mixing, Figure 4.23.   
 
Figure 4.24 plots the variation of autocorrelation coefficient at the sampling distance 
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of 0.15m (prototype equivalent) versus prototype rotational speed.  As can be seen, 
the autocorrelation coefficient at the sampling distance decreases as rotational speed 
increases.  As the speed increases from 12rpm to 25rpm, the autocorrelation 
coefficient at 0.15m drops dramatically from as high as more than 0.25 to as low as 
around zero.  The trend is more evident in soil with OCR of 1.0 and 2.0.  For OCR 
of 4.0, the variation is much less.  Hence, using a higher rotational speed lowers the 
autocorrelation, this effect being most evident in soils with low OCR.   
 
The relation between autocorrelation coefficient at the sampling distance and the soil 
OCR is shown in Figure 4.25.  As can be seen, there is not much difference when the 
soil OCR is at the level of normal consolidated (1.0) or slightly over-consolidated 
(2.0).  However, when OCR value increases to 4.0, the Autocorrelation Coefficient 
for all three groups decreases sharply.  The figure also shows that the influence from 
the soil OCR to the autocorrelation decreases as the mixing rotational speed rises.  In 
another word, there is almost no autocorrelation when the rotational speed reaches as 
high as 25rpm.  This decrease in the autocorrelation coefficient at higher OCR may 
also be attributed to the higher level of “brittleness” of the in-situ soil, which allows it 
to be more readily broken up into smaller clumps.  
 
From the parametric study in the last two paragraphs, it can be seen that the 
parameters of autocorrelation coefficient, prototype mixing rotational speed and soil 
OCR are correlated with each other to some extent.  In order to observe this 
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correlation in a more direct way, a 3D surface plot with (X, Y, Z) coordinates as 
(Prototype rotational speed, Soil OCR, Autocorrelation coefficient at 0.15m) is 
generated as shown in Figure 4.26 based on the calculated autocorrelation coefficients 
used in the last two paragraphs.  From the plot, it can be seen that higher 
autocorrelation of the binder concentration within the DM column appears if the 
mixing rotational speed is low and the target soil is normal consolidated or with low 
OCR value.  Alternatively speaking, the autocorrelation of the binder concentration 
may drop to a very low level (as low as no autocorrelation) if the mixing speed is high 
and/or if the in-situ soil is highly over-consolidated.   
 
4.10. Summary of this chapter 
In this chapter, based on a series of centrifuge model tests, a detailed parametric study 
on the various factors affecting deep mixing quality has been carried out.  The 
findings in this chapter can be summarized as follows:  
1. The mean concentration monotonically increases while the COV decreases 
monotonically with increase in blade rotation number, regardless of other 
parameters.   
2. Soils with lower OCR showed poorer mixing quality than those with higher 
OCR, this difference being particularly marked when binder density is much 
lower than that of the soil.   
3. Using a blade-angle of 45º gives better mixing quality than a blade angle of 90º 
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generally; this difference being observed in all binder density tested, but 
appears to be more marked at lower rotational speed.  At higher rotational 
speed, the effect of blade angle is less evident.   
4. Better uniformity in mixing is obtained when the binder density is similar to 
that of the in-situ soil.  Furthermore, as mentioned earlier, the effect of OCR 
becomes significant at low binder density.   
5. Mixing uniformity generally improves with the increase of the rotational speed 
of the DM installer.  This trend is more obvious for the group with soil OCR 
of 1.0 than those with higher OCR.  Moreover, rotational speed also appears 
to affect the autocorrelation structure of the DM columns.   
6. The multi-shaft installed columns have smaller COV values in all the 6 pairs 
and these smaller COV of the binder concentration in multi-shaft mixed 
columns eventually shows an improvement of the mixing quality due to the 
multi-shaft effect.   
7. No obvious autocorrelation can be detected for separation distances down to 
about 0.15m prototype equivalent (model value ~5mm).  Decreasing th 
rotational speed leads to a higher autocorrelation coefficient but this effect is 
less obvious when the soil is highly over-consolidated.  Changes in 
autocorrelation coefficients are most evident between OCR of 2 and 4.  
However, as the rotational speed increases, the difference is moderated.   
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in DM column, 
y 
Equivalent 
binder content in 
DM column (kg) Column ID
DMC04 1 45 750 1.7 0.128 4 781 4.25  3.15  376.74  
DMC04A 1 45 750 1.7 0.156 4 641 4.94  3.56  324.21  
DMC05 1 90 750 1.7 0.194 4 515 4.79  3.47  334.05  
DMC05B 1 90 750 1.7 0.154 4 649 4.37  3.22  366.47  
DMC08 1 45 750 1.5 0.222 4 450 7.07  5.24  282.88  
DMC08B 1 45 750 1.5 0.222 4 450 6.87  5.12  291.01  
DMC09 1 90 750 1.5 0.233 4 429 8.59  6.16  232.75  
DMC10 2 45 750 1.7 0.12 4 833 4.52  3.31  353.73  
DMC10A 2 45 750 1.7 0.145 4 690 4.57  3.34  350.28  
DMC11 2 90 750 1.7 0.189 4 529 4.65  3.39  344.33  
DMC12 2 90 540 1.7 0.198 4 364 4.45  3.27  359.17  
DMC12B 2 45 540 1.7 0.198 4 364 4.51  3.30  354.93  
DMC13B 2 45 540 1.7 0.111 4 649 4.36  3.22  367.04  
DMC14 2 45 750 1.5 0.22 4 455 7.27  5.36  274.95  
DMC15 2 90 750 1.5 0.224 4 446 7.09  5.25  282.03  
DMC16B 1 45 360 1.7 0.074 4 649 4.51  3.31  354.82  
DMC18B 1 90 540 1.5 0.111 4 649 6.53  4.92  306.13  
DMC19 1 45 540 1.5 0.19 4 379 7.33  5.40  272.72  
DMC19B 1 45 540 1.5 0.111 4 649 6.25  4.75  320.08  
DMC22 1 45 360 1.7 0.167 12 862 4.19  3.12  381.63  
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DMC23 1 90 360 1.7 0.159 12 906 4.16  3.09  385.02  
DMC26 1 90 360 1.5 0.211 12 682 6.57  4.94  304.41  
DMC27 1 45 360 1.5 0.201 12 716 6.45  4.87  309.97  
DMC28 4 45 750 1.5 0.17 4 588 6.78  5.07  294.88  
DMC28B 4 45 750 1.5 0.222 4 450 6.96  5.18  287.16  
DMC29 4 90 750 1.5 0.169 4 592 6.93  5.16  288.44  
DMC30 4 45 750 1.7 0.155 4 645 4.47  3.28  357.69  
DMC31 4 90 750 1.7 0.164 4 610 4.45  3.27  359.53  
DMC32 4 45 360 1.7 0.112 4 429 4.61  3.37  347.16  
DMC32B 4 45 540 1.7 0.111 4 649 5.41  3.85  295.64  
DMC32C 4 45 360 1.5 0.067 4 716 6.46  4.87  309.83  
DMC33 4 45 540 1.7 0.109 4 661 4.45  3.27  359.53  
DMC33B 4 45 540 1.5 0.111 4 649 6.41  4.84  312.17  
DMC34B 2 45 540 1.5 0.111 4 649 6.37  4.82  313.96  
DMC36 2 45 360 1.5 0.195 12 738 6.69  5.01  298.89  
DMC37 2 90 360 1.5 0.203 12 709 6.45  4.87  310.10  
DMC38 2 45 360 1.7 0.206 12 699 4.34  3.20  369.03  
DMC39 2 90 360 1.7 0.201 12 716 4.45  3.27  359.64  
DMC40 1 45 540 1.7 0.111 4 649 4.28  3.17  373.84  
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in DM column, 
y 
Equivalent 
binder content in 
DM column Column ID
MDM01 1 45 750 1.7 0.154 4 650 5.75  4.05  278.34  
MDM02 1 45 750 1.5 0.222 4 450 9.73  6.84  205.53  
MDM03 1 45 540 1.7 0.111 4 650 5.88  4.13  271.92  
MDM04 1 45 540 1.5 0.111 4 650 9.07  6.44  220.56  
MDM05 1 45 360 1.7 0.074 4 650 5.82  4.09  274.83  
MDM06 1 45 360 1.5 0.067 4 720 7.86  5.72  254.29  
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Table 4.3  Test series for effect of OCR 
Operational parameters 
[OCR value of the soil bed] 
[1.0] [2.0] [4.0] 
45º, 750rpm, 1.7g/cm3 DMC04A DMC10A DMC30 
[Blade rotation number] [641] [690] [645] 
45º, 750rpm, 1.5g/cm3 DMC08B DMC14 DMC28B 
[Blade rotation number] [450] [455] [450] 
45º, 540rpm, 1.7g/cm3 DMC40 DMC13B DMC33 
[Blade rotation number] [650] [650] [661] 
45º, 540rpm, 1.5g/cm3 DMC19B DMC34B DMC33B 
[Blade rotation number] [650] [650] [650] 
45º, 360rpm, 1.7g/cm3 DMC16B DMC38 DMC32B 
[Blade rotation number] [650] [699] [650] 
45º, 360rpm, 1.5g/cm3 DMC27 DMC36 DMC32C 
[Blade rotation number] [716] [738] [720] 
 
 




1.7g/cm3, 750rpm DMC04A DMC05B 
[Blade rotation number, OCR] [641, 1.0] [650, 1.0] 
1.5g/cm3, 750rpm DMC14 DMC15 
[Blade rotation number, OCR] [455, 1.0] [446, 1.0] 
1.7g/cm3, 540rpm DMC12B DMC12 
[Blade rotation number, OCR] [365, 2.0] [364, 2.0] 
1.5g/cm3, 540rpm DMC19B DMC18B 
[Blade rotation number, OCR] [650 1.0] [650, 1.0] 
1.7g/cm3, 360rpm DMC22 DMC23 
[Blade rotation number, OCR] [862, 1.0] [906, 1.0] 
1.7g/cm3, 360rpm DMC38 DMC39 
[Blade rotation number, OCR] [699, 2.0] [716, 2.0] 
1.5g/cm3, 360rpm DMC36 DMC37 
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Table 4.6  Test series for autocorrelation 
Operational parameters [OCR values of soil bed] 
RPM others [1.0] [2.0] [4.0] 
750 
45, 1.7g/cm3 DMC04A DMC10A DMC30 
[Blade rotation number] [641] [690] [645] 
540 
45, 1.7g/cm3 DMC40 DMC13B DMC33 
[Blade rotation number] [650] [650] [661] 
360 
45, 1.7g/cm3 DMC16B DMC38 DMC32B 
[Blade rotation number] [650] [699] [650] 
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Figure 4.1  Mean binder concentration versus blade rotation number for all 
single-shaft mixed columns 
 
 
Figure 4.2  Binder COV versus blade rotation number for all single-shaft mixed 
columns 
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Figure 4.3  Comparison of mean binder concentrations with previous literatures for 
all single-shaft mixed columns 
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Figure 4.5  Typical strength profiles T-bar tests (NT-bar=10.5) (Hossain et al. 2006) 
 
 
Figure 4.6  OCR profile for the tests with OCR of 4.0 
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Figure 4.7  Binder COV versus OCR of the soil bed 
 
 
                   (a)       (b) 
Figure 4.8  Relations between binder COV and blade angle (Grouped with different 
binder densities: a-1.7g/cm3; b-1.5g/cm3) 
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                (c) 
Figure 4.9  Relations between binder COV and blade angle (Grouped with different 
rpm: a-750rpm; b-540rpm; c-360rpm) 
 
Figure 4.10  Relations between difference of binder COV for each test pair and 
rotational speed of the blades (Grouped with different binder densities) 
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Figure 4.11  Binder COV versus binder densities for all single-shaft mixed columns 
 
 
Figure 4.12  Rotational speed versus COV for DM columns with different 
parameters 
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(a)          (b) 
 
(c)          (d) 
 
(e)          (f) 
Figure 4.13  Some spot binder concentrations versus radial distance (take group 
DMC04A-05B, DMC18B-19B and DMC22-23 as examples 

































































Figure 4.14  Effect of radial distance (Take column DMC04A, 05B, 18B, 19B, 22, 
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Figure 4.16  Comparison of mean concentration of model columns install by 
multi-shaft system to those by single-shaft system 
 
 
Figure 4.17  Comparison of COV of model columns install by multi-shaft system to 

















Figure 4.18  Comparison of mean and COV between columns mixed by single-shaft 


































Figure 4.19  Comparison of mean and COV between columns mixed by single-shaft 








































Figure 4.20  Autocorrelation coefficient versus separation distance (prototype) for 
model soil with OCR of 1.0 
  













































































Figure 4.21  Autocorrelation coefficient versus separation distance (prototype) for 
model soil with OCR of 2.0 
  














































































Figure 4.22  Autocorrelation coefficient versus separation distance (prototype) for 
model soil with OCR of 4.0 
 
 
Figure 4.23  Histograms of the evaluated scale of fluctuation in radial direction 
(Larsson et al. 2005c) 
































































Figure 4.24  Mixing rotational speed versus Autocorrelation (Grouped with different 
OCR values) 
 
Figure 4.25  Soil OCR versus Autocorrelation (Grouped with different Mixing 
rotational speeds) 
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Figure 4.26  Relations among Autocorrelation Coefficient (0.15m), Mixing 
Rotational Speed and Soil OCR 
 
  













The results of the centrifuge model tests relate to the variation of binder concentration 
within a deep-mixed soil column.  However, in practice, the parameter which is likely 
to be more useful in the design and implementation of ground improvement work using 
deep mixing is likely to be the unconfined compressive strength and its spatial variation.  
This chapter presents a semi-theoretical framework for evaluating strength variation in 
deep-mixed columns based on a combination of the results of the centrifuge model 
tests from both Lee et al. (2006) and the current study.   
 
5.2. Distribution of binder concentration 
The centrifuge model tests of Lee et al. (2006) as well as current study were all carried 
out in the centrifuge environment using zinc chloride as a model binder, with different 
binder densities of 1.3g/cm3, 1.5g/cm3 and 1.7g/cm3, respectively.  Spot 
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concentrations of the model binder were measured in the model tests by sampling at 
different radial distances.   
 
It was noted that most of the model binder distributes within the radial distance less 
than 25mm which is the radius of the DM columns.  And when the radial distance 
exceeds 25mm, model binder still exists but the concentrations decrease rapidly to zero.  
The existence of binder beyond the radial distance of 25mm may be attributable to 
binder infiltration or hydraulic fracture.  However, the focus in this study is the binder 
distribution within the radius of the DM column, so the data of binder concentration 
beyond the column radius covered by Lee et al. (2006) will be excluded from the data 
analysis.   
 
5.2.1. Characteristics of chloride distribution 
Lee et al. (2006) and Lee (2006) only examined the mean and COV in the binder 
distribution from centrifuge model data.  In this section, the characteristics of binder 
distribution will be further studied using the data from Lee (2006) and this study.  One 
important item of information which needs to be derived is the type of probability 
density function (PDF) which best fits the binder distribution.   
 
In Lee et al. (2006)’s experiments, the density of the model binder is adjusted to have 
the same range of density as cement slurry.  The measured spot concentration of the 
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model binder in the mixed soil is then taken to be equivalent to the distribution of the 
cement slurry in the field.  As explained in Chapter 3, the Ion Chromatograph does 
not eventually measure the concentration of the model binder but the chloride ion 
instead.  However, the concentration of the model binder itself can be easily derived 
from the ion concentration.    
 
The model tests from Lee et al. (2006) selected for this study and the relevant 
parameters are shown in Table 5.1.  Model tests from the this study are summarized 
in Table 4.1 (all are based on single-shaft model DM system).  The sample data from 
the selected model tests of Lee et al. (2006) is divided into 9 different test groups, 
based on sampling points at the depth of 50mm, 100mm and 150mm, which represent 
the prototype depth of 2.5m, 5.0m and 7.5m below ground surface in combination 
with binder density of 1.3g/cm3, 1.5g/cm3 and 1.7g/cm3, respectively.  Moreover, 
those samples from the current model tests are grouped similarly, but with additional 
grouping based on the over-consolidation ratio (OCR) of the clay bed.  There are, in 
total, 39 test groups for probability plot test to examine the possible probabilistic 
distributions that samples follow.  According to Montgomery and Runger (2007), 
probability plot test is a graphical method for determining whether sample data 
conform to hypothesized distribution based on a subjective visual examination of the 
data.   
 
The probabilistic distributions adopted in the probability plot tests include Gamma, 
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Exponential, Weibull, Logistic, Lognormal and Normal distributions.  Considering 
the considerable quantity of test groups, the probability plots are not listed.  Instead, 
Table 5.2 and Table 5.3 summarize the general results of the probability plot tests for 
all the preceding distributions.  As can be seen, linearity was indicated only for the 
lognormal and normal distributions.  More specifically, sample data points in 27 out 
of the 39 groups of the probability plots fall on straight lines only for Normal 
distribution while, in 11 out of the remaining 12 groups, both normal and lognormal 
distributions show linearity to some extent, as can be seen from Figure 5.1 to Figure 
5.7.  In order to distinguish different degrees of linearity for these two distributions, 
the linearity level and p-value are listed in Table 5.4.  A p-value is the probability of 
seeing something as extreme as was observed, if the model were true (Minitab 2011).  
A small p-value will lead to a rejection for the hypothesis even though the probability 
plot may appear to be fairly linear.  In the Table 5.4, for cases wherein both plots 
show linearity, the p-value was used as a criteria to distinguish which distribution the 
sample data is more likely to follow.  Among the 11 groups, p-values of 6 groups for 
normal probability plot are larger than those for the lognormal distribution.  For the 
remaining 5, the reverse is true.  Hence, 33 out of 39 groups of sample data show 
linearity in normal probability plot tests while 5 appears to be linear in lognormal 
distribution.   
 
Therefore, in this case, after the comparison, it can be concluded that, the binder 
concentration do not follow Gamma, Exponential, Weibull and Logistic distributions.  
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Between the normal and lognormal distributions, the binder concentration seems more 
likely to follow a normal distribution.  Thus, in general, the binder distribution tends 
to obey a normal distribution more closely than a lognormal distribution.   
 
As discussed in the preceding paragraph, the chloride concentration is more likely to 
follow normal rather than other distributions.  However, since the magnitude of the 
concentration cannot have negative values, the binder concentration cannot, in 
principle, follow the original normal distribution.  In view of this, a truncated normal 
distribution is proposed.   
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      (5-1) 
 
Let g(h) denotes the PDF of the truncated normal distribution.  The relationship 
between g(h) and f(h) is  







ìï £ £ï= íï < >ïïî
       (5-2) 
In which λ is a modified coefficient and g(h) is not zero only when h falls into [ 0 , 2m ], 
which is a symmetric interval.   
 
We know that 
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l =ò          (5-4) 
Solve Eqs. (5-3) thus (5-4),  
 ( ) ( )
1
2 0F F
l m= -          (5-5) 
Therefore, the PDF of the truncated normal distribution is calculated by  




g h f h
F Fm= -        (5-6) 
The comparison of the PDFs between the original and truncated normal distribution is 
shown in Figure 5.8.   
 
Probability plots of all the relevant sample groups were also performed and plotted, 
including both those from Lee et al. (2006) (Figure 5.9) and this study (Figure 5.10 to 
Figure 5.15).  All plots show obvious linearity with adequacies, all larger than 94%.  
These results validate that the proposed truncated normal distribution reasonably fit 
the population of the samples.   
 
5.3. Selection of the strength function 
In practice, the unconfined compressive strength (UCS), rather than binder distribution 
is of greater engineering significance. This section explores the relationship between 
binder concentration and UCS.   
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Several empirical relationships have been proposed by researchers as summarized in 
Section 2.7.  Mitchell et al. (1972) proposed a relationship 
 ( )0 0log /D Dq q K D D= +        (5-7) 
in which qD is the UCS at D days, qD0 is the UCS at D0 days and K equals to 480Aw for 
granular soils and 70Aw for fine grain soil where Aw is the cement content.  
 
Nagaraj and Miura (1996) suggested a similar relation of the form  
 ( )14/ lnDq q a b D= +       (5-8) 
 
Horpibulsuk et al. (2003) studied several types of Ariake clay and Bangkok clay with 
high water content (usually larger than 1.0) and high liquidity index (LI=1.0~2.5).  
They proposed the relationship  
 ( )1, 28
28
( / ) ( / ) ( / )
( / )
1.24 0.038 0.281 lnc D c c D
c





é ù-ê úë û= +    (5-9) 
where q(wc/C)1,D is the strength of soil-cement admixture to be estimated at a 
clay-water/cement ratio of (wc/C)1 after curing for D days and q(wc/C)1,28 is that at a 
clay-water/cement ratio (wc/C) after curing for 28 days.  However, while this 
relationship is useful for extrapolating the strength gain once the strength after a certain 
number of days is known, it is not really useful for design prior to start of construction.  
Tan et al. (2002) also proposed a relationship which involves the use of a reference 
UCS for normalizing all other UCS.  However, all these relationships can only be used 
if a reference strength, measured at a reference point of time, is available. They took no 
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account of cement or cement slurry concentration and thus cannot be used for the 
current purpose.   
 
Gallavresi (1992) relation  








R R c w
w c
= =        (5-10) 
proposes the water-cement ratio (c/w), as a significant parameter.  In Eq. (5-10), R0 is 
a experimentally determined constant.  Since the water cement ratio is related to the 
binder concentration, this formula can be a candidate function for the model derivation.   
 
Lorenzo and Bergado (2004) proposed an empirical relationship for the UCS qu of the 
form  
 ( / )ot wB e A
u a
q Ap e=         (5-11) 
in which Aw is the cement content (in percent); eot is the post-curing void ratio and 










+= -        (5-12) 
where wt is the post-curing water content of treated soil after curing time t; Gst is the 
post-curing specific gravity of the treated soil (dimensionless); γt is the after-curing unit 
weight of the treated soil (kN/m3); and γw is the unit weight of water (kN/m3).  Once 
again, the relationship is not really useful for design purpose since the post-curing 
parameters are not readily available in the design office.   
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The empirical relation proposed by Lee et al. (2005), that is Eq. (2-18), is also an 
experimentally fitted relation between the UCS and the soil-cement ratio and 
water-cement ratio of the DM column for Singapore Marine Clay.  Eq. (2-18) can be 
considered to be an extension of (Gallavresi 1992) relation, in which the effect of 
soil-cement ratio is also considered.  Since both the water-cement and soil-cement 
ratios are related to the binder concentration, it can also be a candidate function for the 
model development.   
 
Eq. (2-18) can be re-written as  
 
( / )






=           (5-13) 
in which q0, m and n are experimentally fitted. Furthermore, if m=0, then Eq. (5-13) 
reduces to Gallavresi’s (1992) relation, i.e. Eq. (2-11).  Gallavresi (1992) suggested 
that n range from 1.5 to 3.0 and may be assumed to be 2.0 for inorganic soil; q0 typically 
lies between 5000 and 10000 kN/cm2 for fine-grained cohesive soil.  On the other 
hand, Lee et al. (2005) proposed that, for Singapore Marine Clay, q0=4000kN/cm2 for 




The relationship between chloride concentration in the binder and binder density in Lee 
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et al.'s (2006) model tests is shown in Figure 5.16.  As can be seen, the data lie almost 
exactly on a straight line given by the equation 
 0.65 0.575i r= -        (5-14) 
in which i denotes the chloride concentration in the zinc chloride solution (in g/cm3) 
and ρ denotes the binder density.   
 
5.4.2. Chloride concentration and binder concentration 
The atomic weights of zinc and chlorine are 65.4 and 35.5, respectively.  Since there 
are two chloride ions in each zinc chloride (ZnCl2) molecule, the percentage by mass, 
of chloride ions in the zinc chloride is 52.1%.  Hence, if h denotes the chloride 
concentration in fraction by weight in the DM column and c’ denotes the binder (i.e. 





c =           (5-15) 
 
Hence, the fraction by weight, p, of zinc chloride in the model binder (i.e. ZnCl2 
solution) is given by :  
 0.521
i
p r=         (5-16) 
And for the typical binder densities selected by Lee et al. (2006), i.e. 1.7g/cm3, 
1.5g/cm3 and 1.3g/cm3, the percentage of zinc chloride by weight p = 0.60, 0.51 and 
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0.40, respectively.   
 
The fraction of model binder in the DM column, which is equivalent to that of the 







= =        (5-17) 
 





r=        (5-18) 
Since h follows a truncated normal distribution and c is a linear function of h, c also 
follows the distribution of the same type.  
 
5.4.3. Components in prototype DM columns 
Let a = water-cement ratio by weight of the cement slurry and  
w = water content in the soil, then  






= +         (5-19) 







= -+        (5-20) 
(3) Fraction of water in the DM Column contributed by the binder (in prototype terms, 
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= +         (5-21) 
(4) Fraction of water in the DM Column by from the soil Rw2 is given by 




= -+        (5-22) 






= + -+ +     (5-23) 
 
In Lee et al.’s model tests, the water content of the kaolin clay, w, was 0.61. The 
water-cement ratio, a, of the binder was not measured in (Lee et al. 2006) model tests as 
the binder used was zinc chloride.  However, it can be deduced from the measured 










-= -        (5-24) 
in which all parameters are given: 
c
G  is the specific gravity of cement powder, the 
usual value is 3.15; r  is the density of the equivalent cement slurry that is represented 
by the zinc chloride solution, and 
w
r  is the density of water.   
 
In practice, the water-cement ratio, a, of the cement slurry is a design parameter 
whereas the slurry density is not necessarily a design or measured parameter.  Eq. 
(5-24) can be expressed in the following form to calculate the density of cement slurry 
from the known water cement ratio.   









rr += +        (5-25) 
 












- æ ö++ ÷ç ÷= = = -ç ÷ç ÷ç+ è ø
+
  (5-26) 
While the water-cement ratio y in the DM column is given by 
 1 1water / cement 1
1
a
y w a wx a
w c
æ ö+ ÷ç ÷= = - + = +ç ÷ç ÷ç+ è ø   (5-27) 
Thus,  





æ ö+ ÷ç ÷= -ç ÷ç ÷ç+ è ø        (5-28) 
 1 1 1
1
a
y w a wx a
w c




As shown in previous section, the concentration of the chloride ion in the DM column, 
h, follows a truncated normal distribution.  Let G(h) and g(h) be the CDF and PDF of 
the truncated normal distribution, respectively.  Since c is proportional to h (see Eq. 
(5-18)), c has the same distribution as h but with different mean and variance.  Let 
FC(c) and fC(c) denote the cumulative distribution function (CDF) and PDF, 
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respectively, of c.  FC(c) can be deduced from FH(h).   
( ) ( ) ( ) ( )Prob Prob Prob 0.521 0.521
0.521C H
H
F c C c c H pc F pc
p
æ ö÷ç= £ = £ ÷ = £ =ç ÷ç ÷è ø  
 ( ) ( )0.521CF c G pc=       (5-30) 
Differentiating Eq. (5-30),  
 ( ) ( )0.521 0.521Cf c pg pc=       (5-31) 
 
The mean and standard deviation of the distribution of c can be derived from the known 
random variable, h, as follows,  
 ( ) ( )1
0.521 0.521
H




= = =ò ò    (5-32) 












= - = - =ò ò  (5-33) 













         (5-34) 
 
Let Fx(x) and fx(x) be the CDF and PDF of x, respectively, and let Let Fy(y) and fy(y) be 
the CDF and PDF of y.   
( )
X














æ ö÷ç ÷ç ÷ç ÷ç ÷³ç ÷ç ÷+ç ÷÷ç + ÷ç ÷çè ø+
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æ ö÷ç ÷ç ÷ç ÷ç ÷= - ç ÷ç ÷+ç ÷÷ç + ÷ç ÷çè ø+
     (5-35) 
Differentiate ( )
X
F x  leads to 






af x F x f
ww xx aa
æ ö+ ÷ç ÷ç ÷ç ÷+ ç ÷= = ç ÷ç ÷+æ ö ç ÷+ ÷ç÷ +ç ÷÷ ç+ ÷ç çè ø÷ +ç ÷ç +è ø
    (5-36) 
Similarly,  
( )YF y =Prob ( )Y y£ =Prob ( )wX a y+ £ =Prob 1 a y aX yw w w
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æ ö÷ç ÷ç ÷ç ÷ç ÷= - ç ÷ç ÷+ -ç ÷÷ç + ÷ç ÷çè ø+
    (5-37) 
Leading to 








f y F y f
w y aw y a
a wa w
+ æ ö÷ç ÷ç ÷+ ç ÷ç ÷= = ç ÷ç ÷+ -æ ö ç ÷+ - ÷ç÷ +ç ÷÷ ç+ ÷ç çè ø÷ +ç ÷ç +è ø
 (5-38) 
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=         (5-39) 
Substituting Eq. (5-29) into (5-39), we have 








      (5-40) 
We can also write   
( )1x l r-=  
wherein   l-1 denotes an inverse of the function l. Because of the form of the function l, 
l-1 cannot be explicitly derived. 
 
The PDF of r, that is fr(r), can be expressed as  
 ( ) ( ) ( )1 1 'R Xf r f l r l r- -é ù é ù= ê ú ê úë û ë û       (5-41) 
(Meyer 1970; Montgomery and Runger 2007).   
 
The derivative of the inverse function  
( )1 ' ' dxl r x
dr
-é ù = =ê úë û  
can be obtained by inversing the derivative of x, i.e.  






e e e e
n nmx mx mx mx
n n
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+ +
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dr m wx a nw
++= é ù+ -ê úë û
       (5-42) 
Hence,  
 ( ) ( )1R X dxf r f l r dr-é ù= ê úë û         (5-43) 
And the CDF of r can be derived from PDF by integration,  
 ( ) ( ) ( )1 1 'rR XF r f l r l r dr- -
-¥
é ù é ù= ê ú ê úë û ë ûò       (5-44) 
The mean and variance of r is obtained by integration as follows,  




é ù é ù= ê ú ê úë û ë ûò       (5-45) 




é ù é ù= - ê ú ê úë û ë ûò     (5-46) 
Since l-1 cannot be explicitly derived, solutions to Eqs. 5-43 to 5-46 need to be 
numerically evaluated.   
 
5.5.3. Relationship between PDFs of r and h 
From Eq. (5-43),  






+= +  in Eq. (5-36), so that 













= + ,  
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( ) ( ) ( )21X C
A





In view of Eq. (5-31),  









      (5-48) 
Substituting Eq. (5-48) into Eq. (5-47) leads to 









      (5-49) 
Then, mean, variance, COV and the CDF of the UC strength distribution can thus be 
calculated.   
 
5.6. A Problem with Lee et al.’s (2005) Relationship 
Lee et al.’s (2005) relationship, which was rewritten in the form of Eq. (5-40) was only 
fitted for soil-cement ratio x ranging from 0.47 to 4.0 and water-cement ratio y ranging 
from about 1.0 to 9.0.  Setting w and a to 0.60 and 1.0, respectively, Eq. (5-40) 
becomes 








        (5-50) 
Figure 5.18 illustrates a problem with Eq. (5-40).  As this Figure shows, with Lee et 
al.’s recommended m of about 0.6 and n = 3.00, Eq. (5-40) indicates that, for a given 
water-content of the in-situ and water-cement ratio of the cement slurry, the strength of 
the cement-treated soil does not decrease monotonically with soil-cement ratio.  It 
decreases to minimum and then started rising again.  This is evidently 
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counter-intuitive and indicates that Lee et al.’s relation is invalid for soil-cement ratio 
higher than about 4, which lies outside of their range of experimental data.   
 
Strength data for cement-treated marine clay at high soil-cement ratio are not readily 
available.  However, one would surmise that the strength of the treated soil should 
decrease monotonically as the soil-cement ratio increases.  Furthermore, as the 
soil-cement ratio tends to infinity, so the strength of the treated soil should tend towards 
that of the untreated soil, which has a very low strength of about 20kPa to 30kPa.  
Thus, re-fitting of the function is needed at high values of the soil-cement ratio.   
 
In this study, the following re-fitting procedure has been adopted, largely because of its 
simplicity.  Firstly, the point (x0, r0) corresponding to the minimum value of r is found.  
Secondly, a maximum practical value of the soil-cement ratio, xmax, is determined, at 
which point the strength is assumed to be zero.  Then the two points, (x0, r0) and (xmax, 
0), are joined using a straight line segment.  This assumption is likely to give rise to 
some strength errors at very high soil-cement ratios.  However, as the probability of 
hitting such high soil-cement ratios is relatively remote, the overall impact of this 
strength error is unlikely to be significant.  Figure 5.19(a) and (b) show some 
examples of the refitted curve with different m and n values, (0.62, 3.00) and (0.40, 
2.50).  As Figure 5.18 shows, using lower m and n values will postpone the onset of 
this anomaly.   
 




The input statistical parameters can be adopted from test data of Lee (2006) and this 
study.  As Figure 5.20 shows, the points all fall into three narrow bands with each 
corresponding to a different binder density, i.e. 1.3g/cm3, 1.5g/cm3 and 1.7g/cm3.   
 
The data in Figure 5.20 can be fitted by three curves as follows:  







= - +       (5-51) 







= - +       (5-52) 







= + +       (5-53) 
in which COV denotes the coefficient of variation in the measured sample and T stands 
for the total blade rotation number.  The adequacy of the fitting (R2) for Eqs (5-51), 
(5-52) and (5-53) are 95%, 92% and 93%, respectively.   
 
5.7.2. Mean chloride ion concentration 
For solutions of different densities, three sets of mean concentration have been 
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calculated from Lee’s (2006) test measurements and plotted in Figure 5.21.  The data 
in Figure 5.21 can be fitted by the following linear functions:  
For binder density ρ=1.3 g/cm3,  
 7.06 0.0006Tm= +        (5-54) 
For binder density ρ=1.5g/cm3,  
 7.07 0.0019Tm= +        (5-55) 
For binder density ρ=1.7g/cm3,  
 9.18 0.00082Tm= +        (5-56) 
in which μ denotes the mean of the chloride concentration in the measured sample, in %, 
and T stands for the total blade rotation number.  Linear interpolation is utilized when 
the binder density lies between any two values of the three above.  The adequacy of 
the fitted function (R2) for Eqs (5-54), (5-55) and (5-56) are 90%, 92% and 93%, 
respectively.   
 
5.8. Summary of this chapter 
Based on the derivation of previous sections, the major parts of the statistical model 
have been addressed.  Findings in this chapter are:  
1. The binder concentration variation is well-fitted by a truncated normal 
distribution.   
2. The phase relationships within the DM column were established theoretically.  
Based on the empirical relationship of unconfined compressive strength (UCS), 
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soil cement ratio and water cement ratio proposed by Lee et al. (2005) and the 
phase relationships, a statistical model for the UCS prediction of DM columns 
had been derived from the distribution of binder concentration.  This proposed 
statistical model will allow engineers and research a first-cut estimation of the 
mean, COV and the PDF of the UCS of the DM columns, during design and 
construction of DM, even before field trials are undertaken.   
 
To sum up at this phase level, the work flow chart of the UCS prediction based on the 
statistical model is shown in Figure 5.22.   
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1.3 DM08 -0.33 770 0.03 0.03 513.3 
1.3 DM11 -0.33 770 0.432 0.216 71.3 
1.3 DM12 -0.33 770 0.432 0.432 35.6 
1.3 DM19 -0.33 770 0.432 0.432 71.3 
1.3 DM27 -0.33 770 0.432×2 0.432×3 404.0 
1.5 DM07 -0.13 770 0.03 0.03 513.3 
1.5 DM15 -0.13 770 0.432 0.432 35.6 
1.5 DM18 -0.13 770 0.432 0.432 71.3 
1.5 DM26 -0.13 770 0.432×2 0.432×3 404.0 
1.7 DM05 -0.13 770 0.03 0.03 513.3 
1.7 DM09 0.07 770 0.03 0.03 513.3 
1.7 DM14 0.07 770 0.432 0.432 35.6 
1.7 DM16 0.07 770 0.432 0.432 71.3 
1.7 DM17 0.07 770 0.432 0.432 142.6 
1.7 DM20 0.07 770 0.432×2 0.432×3 404.0 
1.7 DM21 0.07 770 0.432 1.432 71.3 
1.7 DM28 0.07 770 0.432 0.076 404.0 
 
 
Table 5.2  Linearity of the probability tests for test groups on different distributions 
for samples from Lee (2006) 
Test Groups Gamma Exponential Weibull Logistic Lognormal Normal 
Samples in three depths from 17 columns 
[1.3-50-1.0] N N N N N L 
[1.3-100-1.0] N N N N N L 
[1.3-150-1.0] N N N N N L 
[1.5-50-1.0] N N N N N L 
[1.5-100-1.0] N N N N N L 
[1.5-150-1.0] N N N N N L 
[1.7-50-1.0] N N N N N L 
[1.7-100-1.0] N N N N L L 
[1.7-150-1.0] N N N N L L 
Notes: [Test Group] refers to [binder density (g/cm3)-model depth (mm)-OCR]; “N” stands for nonlinear while “L” for linear.   
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Table 5.3  Linearity of the probability tests for test groups on different distributions 
for samples from current model tests 
Test Groups Gamma Exponential Weibull Logistic Lognormal Normal 
Samples in five depths from 39 columns 
[1.5-50-1.0] N N N N N L 
[1.5-100-1.0] N N N N N L 
[1.5-150-1.0] N N N N N L 
[1.5-200-1.0] N N N N L L 
[1.5-250-1.0] N N N N N L 
[1.5-50-2.0] N N N N L L 
[1.5-100-2.0] N N N N N L 
[1.5-150-2.0] N N N N N L 
[1.5-200-2.0] N N N N N L 
[1.5-250-2.0] N N N N N L 
[1.5-50-4.0] N N N N N L 
[1.5-100-4.0] N N N N L L 
[1.5-150-4.0] N N N N N L 
[1.5-200-4.0] N N N N N L 
[1.5-250-4.0] N N N N L L 
[1.7-50-1.0] N N N N L L 
[1.7-100-1.0] N N N N N L 
[1.7-150-1.0] N N N N N L 
[1.7-200-1.0] N N N N N L 
[1.7-250-1.0] N N N N N L 
[1.7-50-2.0] N N N N N N 
[1.7-100-2.0] N N N N L L 
[1.7-150-2.0] N N N N N L 
[1.7-200-2.0] N N N N N L 
[1.7-250-2.0] N N N N L L 
[1.7-50-4.0] N N N N L L 
[1.7-100-4.0] N N N N N L 
[1.7-150-4.0] N N N N L L 
[1.7-200-4.0] N N N N N L 
[1.7-250-4.0] N N N N N L 
Notes: [Test Group] refers to [binder density (g/cm3)-model depth (mm)-OCR]; “N” stands for nonlinear while “L” for linear.   
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Table 5.4  Comparison of the p-values for the probability tests with linearity 
Test Groups 
Lognormal Normal 
Linearity Level p-value Linearity Level p-value 
Samples from Lee (2006) 
[1.7-100-1.0] Generally linear 0.435 Generally linear 0.125 
[1.7-150-1.0] Slightly linear 0.053 Strictly linear 0.948 
Samples from current model tests 
[1.5-200-1.0] Generally linear 0.313 Slightly linear 0.011 
[1.5-50-2.0] Generally linear 0.375 Generally linear 0.420 
[1.5-100-4.0] Generally linear 0.313 Generally linear 0.173 
[1.5-250-4.0] Generally linear 0.406 Strictly linear 0.670 
[1.7-50-1.0] Generally linear 0.114 Strictly linear 0.890 
[1.7-100-2.0] Generally linear 0.491 Generally linear 0.270 
[1.7-250-2.0] Generally linear 0.477 Generally linear 0.678 
[1.7-50-4.0] Slightly linear 0.151 Strictly linear 0.929 
[1.7-150-4.0] Generally linear 0.789 Generally linear 0.496 
Notes: [Test Group] refers to [binder density (g/cm3)-model depth (mm)-OCR].  The larger p-values in pairs are underlined.   
  








[50mm, 1.3 g/cm3]-[DM08, 11, 12, 19, 27] 
 
[100mm, 1.3 g/cm3]-[DM08, 11, 12, 19, 27] 
 
[150mm, 1.3 g/cm3]-[DM08, 11, 12, 19, 27] 
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[100mm, 1.5 g/cm3]-[DM07, 15, 18, 26] 
 
[150mm, 1.5 g/cm3]-[DM07, 15, 18, 26] 
 
[50mm, 1.7 g/cm3]-[DM05, 09, 14, 16, 17, 20, 21,28] 
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[150mm, 1.7 g/cm3]-[DM05, 09, 14, 16, 17, 20, 21,28] 




[50mm, 1.5 g/cm3]-[OCR=1.0, DMC08, 08B, 09, 18B, 19, 19B, 26, 27] 
 
[100mm, 1.5 g/cm3]-[OCR=1.0, DMC08, 08B, 09, 18B, 19, 19B, 26, 27] 
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[200mm, 1.5 g/cm3]-[OCR=1.0, DMC08, 08B, 09, 18B, 19, 19B, 26, 27] 
 
[250mm, 1.5 g/cm3]-[OCR=1.0, DMC08, 08B, 09, 18B, 19, 19B, 26, 27] 
Figure 5.2  Probability plots for binder concentration for binder with density of 
1.5g/cm3 and OCR of 1.0 from current model tests 
 
 
[50mm, 1.5 g/cm3]-[OCR=2.0, DMC14, 15, 34B, 36, 37] 
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[150mm, 1.5 g/cm3]-[ OCR=2.0, DMC14, 15, 34B, 36, 37] 
 
[200mm, 1.5 g/cm3]-[ OCR=2.0, DMC14, 15, 34B, 36, 37] 
 
[250mm, 1.5 g/cm3]-[ OCR=2.0, DMC14, 15, 34B, 36, 37] 
Figure 5.3  Probability plots for binder concentration for binder with density of 
1.5g/cm3 and OCR of 2.0 from current model tests 
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[100mm, 1.5 g/cm3]-[ OCR=4.0, DMC28B, 29, 32C, 33B, 34B] 
 
[150mm, 1.5 g/cm3]-[ OCR=4.0, DMC28B, 29, 32C, 33B, 34B] 
 
[200mm, 1.5 g/cm3]-[ OCR=4.0, DMC28B, 29, 32C, 33B, 34B] 
 
[250mm, 1.5 g/cm3]-[ OCR=4.0, DMC28B, 29, 32C, 33B, 34B] 
Figure 5.4  Probability plots for binder concentration for binder with density of 
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[50mm, 1.7 g/cm3]-[OCR=1.0, DMC04, 04A, 05, 05B, 16B, 22, 23, 40] 
 
[100mm, 1.7 g/cm3]-[ OCR=1.0, DMC04, 04A, 05, 05B, 16B, 22, 23, 40] 
 
[150mm, 1.7 g/cm3]-[ OCR=1.0, DMC04, 04A, 05, 05B, 16B, 22, 23, 40] 
 





























Probability Plot of 50





























Probability Plot of 50





























Probability Plot of 100





























Probability Plot of 100





























Probability Plot of 150





























Probability Plot of 150





























Probability Plot of 200





























Probability Plot of 200
Normal - 95% CI
Chapter 5 A Statistical Model for Strength Prediction of the DM Columns 
-184- 
 
[250mm, 1.7 g/cm3]-[ OCR=1.0, DMC04, 04A, 05, 05B, 16B, 22, 23, 40] 
Figure 5.5  Probability plots for binder concentration for binder with density of 
1.7g/cm3 and OCR of 1.0 from current model tests 
 
 
[50mm, 1.7 g/cm3]-[OCR=2.0, DMC10, 10A, 11, 12, 12B, 13B] 
 
[100mm, 1.7 g/cm3]-[ OCR=2.0, DMC10, 10A, 11, 12, 12B, 13B] 
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[200mm, 1.7 g/cm3]-[ OCR=2.0, DMC10, 10A, 11, 12, 12B, 13B] 
 
[250mm, 1.7 g/cm3]-[ OCR=2.0, DMC10, 10A, 11, 12, 12B, 13B] 
Figure 5.6  Probability plots for binder concentration for binder with density of 
1.7g/cm3 and OCR of 2.0 from current model tests 
 
 
[50mm, 1.7 g/cm3]-[OCR=4.0, DMC30, 31, 32, 32B, 33] 
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[150mm, 1.7 g/cm3]-[ OCR=4.0, DMC30, 31, 32, 32B, 33] 
 
[200mm, 1.7 g/cm3]-[ OCR=4.0, DMC30, 31, 32, 32B, 33] 
 
[250mm, 1.7 g/cm3]-[ OCR=4.0, DMC30, 31, 32, 32B, 33] 
Figure 5.7  Probability plots for binder concentration for binder with density of 
1.7g/cm3 and OCR of 4.0 from current model tests 
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Figure 5.9  Probability plots of truncated normal distribution for binder 
























































Figure 5.10  Probability plots of truncated normal distribution for binder 






















































































Figure 5.11  Probability plots of truncated normal distribution for binder 














































































Figure 5.12  Probability plots of truncated normal distribution for binder 














































































Figure 5.13  Probability plots of truncated normal distribution for binder 































































































Figure 5.14  Probability plots of truncated normal distribution for binder 















































































Figure 5.15  Probability plots of truncated normal distribution for binder 

















































































Figure 5.17  28-Day strength of cement treated clay prepared from (a) dried 
pulverized clay and (b) slurry clay (From Lee et al. 2005) 
 




























Figure 5.18  UC strength function plots with specific parameter values 
 
 
(a)           (b) 
Figure 5.19  Curves refitting of the strength function plots 
 
  

































































Figure 5.20  Fitted curve for COV variation with blade rotation number 
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In this chapter, the statistical model will be applied to an actual DMM project in order 
to verify its ability to predict results which are intuitive and reasonable.  The site from 
which the DMM strength data are obtained is the Marina Bay Financial Centre, shown 
in Figure 6.1.  DMM is utilized in the construction of its basement, as shown in Figure 
6.2.  The location plan for test panels in different phases, Phase 2, 3 and 4, are shown 
in Figure 6.3 and the field sample tests in this study comes from these three phases.   
 
6.2. Overview of Ground Improvement Works 
The ground improvement methods used in this project includes deep mixing and jet 
grouting.  The ground domain to be improved ranges from 2.5m deep to 
approximately 12.5m deep from existing ground level as shown in Figure 6.4.  
Cement slurry is used as the admixture in the ground improvement works.  A typical 
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borehole log for the site and relevant DM treated area are illustrated in Figure 6.5.   
 
Prior to DM works, provisional DM was implemented at one preliminary trial test 
location to determine the sub-soil formation and to establish the water-cement ratio to 
be employed for DM works, in order to achieve the following minimum requirements:  
 Unconfined Compressive Strength (UCS): 800kPa at 28 days 
 Young’s Modulus at 28 days: 150MPa 
 Shear Strength: 400kPa 
 
After in-situ test, if there was any deviation between the expected soil strata or the 
conditions given in the soil report and that actually encountered during execution or 
there is any variation in the instructions or contract document, it would be subjected to 
discussion with client prior to continuing with DM works.  For the soil above the 
treated zone of DM, the strength and stiffness was verified during the trial test.  The 
results from Standard Penetration Test performed at DM Trial Test Location was used 
to determine whether measures have to be taken to restore the strength or stiffness of 
the soil (which may be disturbed) to its natural state or better.   
 
Upon the completion of DM works, number of core samples and their locations were 
proposed by the client.  All field and laboratory testing for DM were carried out within 
28 days to 50 days but no less than 7 days.  The maximum deviation from verticality of 
DM was to be kept to no more than 1 in 75.  The eccentricity of each DM column was 
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to be kept ± 50 mm from the centerline.  The maximum error in the depth was limited 
to not more than ±300mm, above and below the prescribed location of DM columns.  
The DM layout drawing for this project and the test panel location plan are shown in 
Figure 6.2 and Figure 6.3, respectively.   
 
6.3. Design and Operating Parameters 
The design parameters for the DM columns were as follows: 
The parameters for the grout mix design were,  
 Cement content for DM: 280kg/m3  
 DM Water-Cement (w/c) ratio: 0.9  
The total volume of DM works can be estimated to be as follows 
 Density of Cement     = 3.05kg/m3 
 Density of water     = 1.00kg/m3 
 Cement content required per m3  = 280kg/m3 
 Area covered by one DM column   = 3.610m2*1m 
(per meter run of soil)     ≈ 3.610m3 
 Cement content required for DCM  = 3.61m3*280kg/m3 
(to treat per meter run of soil)   ≈ 1010.80 kg 
 Volume of Cement Grout = Volume of Cement + Volume of Water 
= 1218.90 litres/m 
The operating parameters are as follows: 
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 Discharge rate of cement grout = 480 litres / min (4 shafts) 
(by DM machine) 
 Total Discharge Time for Cement Grout (thickness 5M) = (1218.90 * 5M) / 
480= 12.7 minutes 
 Jack-in speed= Withdrawal speed = 12.7 minutes/5m or 2.54 minutes/ meter 
Rotational speed of blade = 27.5 rpm 
 
Some properties of the cement slurry are summarized in Table 6.1.  The design 
drawing of mixing rod and bit and some field photos of the equipment are shown in 
Figure 6.6.  And the drilling and injection route is demonstrated in Figure 6.7.   
 
6.4. In­situ Soil Conditions 
The following soil conditions were encountered during the installation of DCM.  
a. Hydraulic Sand layer 
b. Sea Sand layer 
c. Sea Sand with Sea-Shell fragments layer 
d. Sea Sand with Marine Clay layer 
e. Marine Clay layer 
f. Marine Clay with Sea-Shell fragments layer 
g. Marine Clay with Sand and Sea-Shell fragments layer 
 
Chapter 6 Comparison of Statistical Model with Field Data 
-205- 
For specific soil conditions in each phase (see the phase locations in Figure 6.1 and 
Figure 6.3), the soil investigation report records that, for Phase 2, there are Sea Sand 
with Sea-Shell fragments and Marine Clay; for Phase 3, there are Sea Sand, Marine 
Clay, Hydraulic Sand and Marine Clay with Sand and Sea-Shell fragments; for Phase 4, 
there are Hydraulic Sand, Marine Clay, Sea Sand with Marine Clay and Marine Clay 
with Sand and Sea-Shell fragments.  The report also shows that the SPT blow count 
varies from 10 to 100 blows for different soils in different depths.  Moreover, the 
natural water content has also been recorded, which ranges from 50% to 80% for the 
Marine Clay at the depth between approximately 10m and 30m that cover the DCM 
part.   
 
6.5. Application of the Statistical Model 
According to Section 5.7, the COV and mean of the binder ion concentration are the 
two key parameters that are required by the statistical model.  Apart from these, four 
other parameters are also needed.  Based on the design water-cement ratio of the 
cement slurry of 0.9, specific gravity of cement powder = ~3.05 and density of sea 
water ρw ~ 1.00g/cm3.  Eq. (5-25) indicates that the nominal density of the slurry ~ 
1.56g/cm3.  The natural water content is another important parameter.  Borehole logs 
indicate that it ranges from 50% to 80% for marine clay.  In this study, an average 
value of 60% is assumed.   
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A 4-shaft mixing system was used and the rotational speed of each shaft was 27.5 rpm, 
as shown in Figure 6.6 (a), (b) and (c).  From Figure 6.6, the number of blades on each 
shaft is 4.  The jack-in rate was 2.54min/m and the withdrawal rate was the same as 
the jack-in rate.  This gives a blade rotational number T=279.4rev/m.  Substituting 
this into Eqs. (5-52) to (5-56) and interpolating for ρ=1.56g/cm3 gives an estimated 
COV of 0.271 and a mean concentration μ = 8.143%.  The parameters q0, m and n are 
assumed to be 6000kN/m2, 0.05 and 1.50, respectively.  It should, however, be noted 
that the centrifuge data is strictly applicable only single and twin-shaft mixers only.  
Applying it to a four-shaft system is an extension based on the assumption that the 
performance does not change. 
 
6.6. Comparison of Model Results and Field Data 
The prediction of the model was compared with five sets of the core test results from 
Phase 2, 3 and 4.  As shown in Figure 6.8, the model predicted PDF curve is plotted 
together with those histograms of sample strength ratio based on 8 bins.  The figure 
demonstrates a roughly similar skewness of both the PDF and the histograms while 
histogram of Phase 3-part 3 is fitted the best by the predicted PDF.   
 
Considering the possible correlation between accuracy and bin number of histograms, 
much finer bins, 15 bins, for the histograms are utilized in Figure 6.9.  The plots 
indicates the PDFs match better with 15-bin histograms than those with 8-bin while a 
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few aspects of mismatch exist, i.e.  
① The model predicted PDFs show an entire offset from the histograms to the left.  
In another word, model predicted mean strength is smaller than that of the field 
strength.   
② The spread of the model PDF is slightly smaller than that of the histogram, the 
difference being particularly noticeable in the right-hand end of the histogram, i.e. for 
higher strength ratio, r.   
 
It should, however, be noted that the comparison in Figure 6.8 and Figure 6.9 is, strictly 
speaking, invalid since the theoretical plot is a probability density function whereas the 
field data is a histogram obtained by grouping data over prescribed intervals; the latter 
is loosely equivalent to summing up the PDF over the prescribed intervals.  The field 
data must therefore be dependent upon the interval chosen.  Although it is, in principle, 
possible to choose very small intervals for the histograms, this is difficult to implement 
owing to the limitations on sample size.   
 
From a theoretical point of view, it is much more valid and consistent to compare 
histograms with histograms.  The theoretical histograms in Figure 6.10 to Figure 6.24 
are generated by integrating the PDF piecewise over the same intervals as those used 
for grouping the field data.  They therefore represent the piecewise-integrated 
cumulative distribution function and represent the fraction of the total sample grouped 
over each interval.  Thus, they are directly equivalent to the field histograms and are 
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much more consistent for comparison purposes.   
 
The comparisons for these two sets of histograms with three sets of (m, n) combinations 
of (0.05, 1.50), (0.20, 1.87) and (0.62, 3.00) for the results of different groups are shown 
in from Figure 6.10 to Figure 6.24.  Within each set, the different histograms show 
prediction for different binder densities.  Among all the histograms, the best match 
plot is the one with the density of cement slurry as 1.60g/cm3 and the (m, n) 
combination of (0.05, 1.50) in terms of skewness and kurtosis as shown in Figure 6.10 
to Figure 6.14.  This correlates well with the density of 1.56, which is estimated from 
the design water-cement ratio of 0.9.   
 
As Figure 6.15 to Figure 6.19 show, for (m, n) combination of (0.20, 1.87), reasonable 
agreement still exists but the predicted histograms are starting to demonstrate a degree 
of “peakiness” which is not present in the field data.  This difference is further 
accentuated for (m, n) = (0.62, 3.00), as shown in Figure 6.20 to Figure 6.24.   
 
Figure 6.25 compares the UCS predicted using the combination (m, n) = (0.05, 1.50), 
(0.20, 1.87) and (0.05, 1.87) with Lee et al.’s (2005) data for dry-pulverized clay and 
slurry clay.  As can be seen, the use of (m, n) = (0.05, 1.50) and (0.20, 1.87) 
overestimate the UC strength slightly.  On the other hand, the combination (m, 
n)=(0.05, 1.87) shows a reasonable fit to Lee et al.’s (2005) data.  It should also be 
noted that Lee et al.’s (2005) are fitted for water:cement:soil ratios which are more 
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relevant for jet grouting.  On the other hand, as shown in Figure 6.25, the 
water:cement:soil ratios corresponding to Lee et al.’s (2006) data lie more in the range 
of deep mixing.  In view of this, it is, perhaps, not surprising that there are some 
discrepancies in the curves needed to fit the data.   
 
It should also be noted that Lee et al.’s (2006) data are obtained from kaolin clay with 
an in-situ water content of 62%.  They may not apply to marine clay and to different 
water content.  In addition, the field DM equipment has different installers from that 
used in the centrifuge models (blade angle, number of blades on each shafts and number 
of shafts), different slurry injection pressure and different soil types.  Further study is 
therefore needed to investigate the effects of these factors on the distribution as well as 
to widen the range of operating parameters and factors which this statistical model can 
be applied to.   
 
6.7. Comparison with Mizuno et al.’s Field Data 
In Figure 6.26, predicted strength COV for different blade rotation numbers and 
different binder densities is shown in Figure 2.31 and compared with strength COV 
data from Mizuno et al. (1988) and Lee et al.’s (2006) chloride concentration COV.  
Combination (m, n) = (0.05, 1.50) and (0.20, 1.87) are used as shown in Figure 6.26.  
The model predicted COV shows approximately the same trend as Mizuno et al. (1988) 
and Lee et al. (2006).  Mizuno et al. (1988) did not specify the slurry density and thus 
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a direct one-to-one comparison is not feasible.  Nonetheless, as Figure 6.26(a) shows, 
the predicted range of strength COV with combination (0.05, 1.50) slightly 
overestimates the COV compared with that from Mizuno et al. (1988) while the range 
with combination (0.20, 1.87) falls well within the range of Mizuno et al.’s (1988).  
This indicates the predicted range of strength COV is not unrealistic.  
 
6.8. Summary of this chapter 
In this chapter, field core strength sample data from Marina Bay Financial Centre 
project was compared and analyzed with the prediction of the statistical model.  The 
comparison results shows that the statistical model reasonably fits the histograms of the 
field UCS with a rational selection of the model coefficients, m and n, which comes 
from Lee et al.’s (2005) empirical formula.   
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Table 6.1  DM based on proposed improvement layer for 4-shafts construction 
Water/Cement 
Ratio 






0.9 1218.9 1010.8 2.54 
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Figure 6.1  As-built picture of MBFC project 
 
 
          (a)                             (b) 
Figure 6.2  DMM layout drawing for MBFC project 
 
1st DM element 
2nd DM element 
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Figure 6.4  Typical section of Deep Mixing 
DM treated area 
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Figure 6.5  Typical soil borehole log of the construction site 
  
DM treated area 





(b)          (c) 
Figure 6.6  Design drawing of mixing rod and bit (a) and field equipment at Marina 
Bay construction site (b, c) 
 
 
Figure 6.7  Drilling and injection route of DM construction in MBFC Project 








Figure 6.8  Comparison of model predicted PDF and the histograms of field strength ratio with 8 bins 
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Figure 6.9  Comparison of model predicted PDF and the histograms of field strength ratio with 15 bins 
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Figure 6.10  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 2 
for different slurry densities with m=0.05 and n=1.50  




Figure 6.11  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 1 
for different slurry densities with m=0.05 and n=1.50 
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Figure 6.12  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 2  
for different slurry densities with m=0.05 and n=1.50 
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Figure 6.13  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 3  
for different slurry densities with m=0.05 and n=1.50 
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Figure 6.14  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 4 
for different slurry densities with m=0.05 and n=1.50  
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Figure 6.15  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 2 
for different slurry densities with m=0.20 and n=1.87 
 
Figure 6.16  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 1  
for different slurry densities with m=0.20 and n=1.87  
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Figure 6.17  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 2  
for different slurry densities with m=0.20 and n=1.87 
 
Figure 6.18  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 3  
for different slurry densities with m=0.20 and n=1.87  
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Figure 6.19  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 4 
for different slurry densities with m=0.20 and n=1.87 
 
Figure 6.20  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 2 
for different slurry densities with m=0.62 and n=3.00 
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Figure 6.21  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 1  
for different slurry densities with m=0.62 and n=3.00 
 
Figure 6.22  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 2  
for different slurry densities with m=0.62 and n=3.00 
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Figure 6.23  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 3-Part 3  
for different slurry densities with m=0.62 and n=3.00 
 
Figure 6.24  Comparison between predicted and field histograms of UC strength ratio of MBFC Phase 4 
for different slurry densities with m=0.62 and n=3.00 
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(a)          (b) 
 
(c)           (d) 
 
(e)           (f) 
Figure 6.25  Comparison of Lee et al.’s (2005) fitted curves and those with (m=0.05, 
n=1.50), (0.20, 1.87) and (0.05, 1.87) in this study for 28-day UCS of cement treated 
(a, c, e) dry-pulverized clay (b, d, f) slurry clay 
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Figure 6.26  Comparison of Model predicted COV variation with blade rotation 
number and those after Mizuno et al. (1988) and Lee et al. (2006) at different binder 
densities (a) m=0.05, n=1.50; (b) m=0.20, n=1.87 
 
 






















For all depths ion con. at 1.7g/cm3 (after Lee et al. 2006)
For all depths ion con. at 1.5g/cm3 (after Lee et al. 2006)
For all depths ion con. at 1.3g/cm3 (after Lee et al. 2006)


























For all depths ion con. at 1.7g/cm3 (after Lee et al. 2006)
For all depths ion con. at 1.5g/cm3 (after Lee et al. 2006)
For all depths ion con. at 1.3g/cm3 (after Lee et al. 2006)












The main contributions made in this study are as follows:  
(a) Conduct of a detailed parametric study on the various factors affecting deep 
mixing quality.   
(b) Development of a multi-shaft DM model machine.   
(c) Development of a theoretical formulation for deducing the variation in 
strength from the variation in binder concentration.   
(d) Validation of the framework using field data.   
 
The main findings from the parametric study on deep mixing quality are as follows: 
1. The mean concentration monotonically increases while the COV decreases 
monotonically with increase in blade rotation number, regardless of other 
parameters.   
2. Soils with lower OCR showed poorer mixing quality than those with higher 
OCR, this difference being particularly marked when binder density is much 
lower than that of the soil.   
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3. Using a blade-angle of 45º gives better mixing quality than a blade angle of 90º 
generally; this difference being observed in all binder density tested, but 
appears to be more marked at lower rotational speed.  At higher rotational 
speed, the effect of blade angle is less evident.   
4. Better uniformity in mixing is obtained when the binder density is similar to 
that of the in-situ soil.  Furthermore, as mentioned earlier, the effect of OCR 
becomes significant at low binder density.   
5. Mixing uniformity generally improves with the increase of the rotational speed 
of the DM installer.  This trend is more obvious for the group with soil OCR 
of 1.0 than those with higher OCR.  Moreover, rotational speed also appears 
to affect the autocorrelation structure of the DM columns.   
6. The multi-shaft installed columns have smaller COV values in all the 6 pairs 
and these smaller COV of the binder concentration in multi-shaft mixed 
columns eventually shows an improvement of the mixing quality due to the 
multi-shaft effect.   
7. No obvious autocorrelation can be detected for separation distances down to 
about 0.15m prototype equivalent (model value ~5mm).  Decreasing th 
rotational speed leads to a higher autocorrelation coefficient but this effect is 
less obvious when the soil is highly over-consolidated.  Changes in 
autocorrelation coefficients are most evident between OCR of 2 and 4.  
However, as the rotational speed increases, the difference is moderated.   
 
Chapter 7 Conclusions and Recommendations 
-235- 
Based on the field data collected, a statistical framework for strength prediction of 
DM columns is developed.  Relevant findings are summarized as follows:  
1. The binder concentration variation is well-fitted by a truncated normal 
distribution.   
2. The phase relationships within the DM column were established theoretically.  
Based on the empirical relationship of unconfined compressive strength (UCS), 
soil cement ratio and water cement ratio proposed by Lee et al. (2005) and the 
phase relationships, a statistical model for the UCS prediction of DM columns 
had been derived from the distribution of binder concentration.  This proposed 
statistical model will allow engineers and research a first-cut estimation of the 
mean, COV and the PDF of the UCS of the DM columns, during design and 
construction of DM, even before field trials are undertaken.   
3. Field core strength sample data from Marina Bay Financial Centre project was 
compared and analyzed with the prediction of the statistical model.  The 
comparison results shows that the statistical model reasonably fits the 
histograms of the field UCS with a rational selection of the model coefficients, 
m and n, which comes from Lee et al.’s (2005) empirical formula.   
 
7.2. Significant findings 
① Effect of OCR on the mixing quality;  
② Influence of rotational speed on different effect of factors;  
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③ Improvement of mixing quality under multi-shaft mixing;  
④ Preliminary investigation on the autocorrelation structure for wet deep mixing;  
⑤ Determination of the probability distribution of binder concentration;  
⑥ Establishment of the statistical model for strength prediction of DM columns;  
⑦ Model validation by comparison of predictions and field data.   
 
7.3. Recommendations for future work 
Several problems have also arisen in the study so further explosion may become 
necessary.  They are listed below:  
 
(1) According to the parametric study, several factors influence the mixing quality 
in different levels.  It is necessary to perform further study to quantitatively 
distinguish the significance of these factors influencing mixing quality and the 
autocorrelation structure.   
 
(2) The application of the statistical model to predict the UCS from some field 
samples shows that mismatch between the predicted UCS dispersion and the 
sample histograms exists.  The possible reasons of the mismatch were 
preliminarily discussed but need further investigation based on both theoretical 
and experimental study, especially on the experiment fitted coefficients, m and 
n, which were proposed by Lee et al.’s (2005).   
 
(3) Field data for comparison are all from one construction site.  It would have 
been more representative if there were more field data from different sites with 
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Figure Appendix-A.2  Raw measurements in percentage for model test DMC04A 
 

































































Figure Appendix-A.3  Raw measurements in percentage for model test DMC05 
 

































































Figure Appendix-A.4  Raw measurements in percentage for model test DMC05B 
  



































































Figure Appendix-A.5  Raw measurements in percentage for model test DMC08 
  



































































Figure Appendix-A.6  Raw measurements in percentage for model test DMC08B 
  



































































Figure Appendix-A.7  Raw measurements in percentage for model test DMC09 
  



































































Figure Appendix-A.8  Raw measurements in percentage for model test DMC10 
  


































































Figure Appendix-A.9  Raw measurements in percentage for model test DMC10A 
  


































































Figure Appendix-A.10  Raw measurements in percentage for model test DMC11 
  



































































Figure Appendix-A.11  Raw measurements in percentage for model test DMC12 
  



































































Figure Appendix-A.12  Raw measurements in percentage for model test DMC12B 
  



































































Figure Appendix-A.13  Raw measurements in percentage for model test DMC13B 
  



































































Figure Appendix-A.14  Raw measurements in percentage for model test DMC14 
  



































































Figure Appendix-A.15  Raw measurements in percentage for model test DMC15 
  



































































Figure Appendix-A.16  Raw measurements in percentage for model test DMC16B 
  



































































Figure Appendix-A.17  Raw measurements in percentage for model test DMC18B 
  



































































Figure Appendix-A.18  Raw measurements in percentage for model test DMC19 
  



































































Figure Appendix-A.19  Raw measurements in percentage for model test DMC19B 
  



































































Figure Appendix-A.20  Raw measurements in percentage for model test DMC22 
  



































































Figure Appendix-A.21  Raw measurements in percentage for model test DMC23 
  



































































Figure Appendix-A.22  Raw measurements in percentage for model test DMC26 
  



































































Figure Appendix-A.23  Raw measurements in percentage for model test DMC27 
  



































































Figure Appendix-A.24  Raw measurements in percentage for model test DMC28 
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